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EXECUTIVE  SUMMARY 

We  used  polyethylene  enclosures  to  test  the  hypothesis  that 
organic  matter  additions  to  acidic  surface  mine  lakes  would 
induce  neutralization.  We  expected  that  organic  additions  would 
provide  a  substrate  for  bacterial  sulfate  reduction  resulting  in 
the  removal  of  sulfuric  acid  from  the  water  columns.  We 
suspended  six  1  meter  wide  cylindrical  polyethylene  enclosures 
from  a  floating  dock  in  an  acid  lake.  Each  enclosure  received  a 
different  additive  or  combination  of  additives.  Six  experiments 
were  attempted.  Experiment  1  was  terminated  early  because  of 
equipment  failure. 

In  Experiment  2  we  added  calcium  carbonate,  phosphate, 
sewage  sludge  and  straw  to  different  enclosures.  Two  enclosures 
were  reserved  as  controls  for  experimental  manipulations.  Calcium 
carbonate  neutralized  its  enclosures  as  expected.  We  expected 
added  phosphate  to  fertilize  the  lake  producing  decomposible 
organic  matter.  Fertilization  failed  because  under  acidic 
conditions  phosphate  precipitates  with  iron  and  aluminum 
preventing  any  fertilization  effect.  We  expected  sewage  sludge  to 
provide  an  organic  substrate  for  sulfate  reduction,  but  the 
sewage  sludge  proved  to  be  too  stable  to  provide  a  substrate  for 
decomposition.  By  the  end  of  the  experiment,  straw  provided  a 
slight  neutralization  effect. 

Experiment  3  was  performed  to  test  if  inclusion  of  anaerobic 
deep  water  within  the  enclosures  would  enhance  neutralization. 
Because  of  low  levels  of  organic  additions,  neutralization  did 
not  occur. 

In  Experiment  4  organic  matter  (straw)  additions  at  levels 
higher  than  those  of  previous  experiments  continued  until  clear 
neturalization  effects  were  seen.  We  added  limestone  with  the 
organic  matter  to  test  if  sulfide  reduction  is  pH  limited.  We 
found  strong  sulfide  reduction  in  all  enclosures  with  added 
straw.  The  straw  enclosures  had  increased  pH  and  alkalinity  but 
acidity  reduction  was  small.  Furthermore,  iron  concentrations 
did  not  decline  in  the  enclosures  with  significant  sulfate 
reduction.  As  a  result,  although  sulfate  reduction  occurred,  it 
produced  only  temporary  neutralization.  As  soon  as  the  water 
column  became  aerobic,  pH  dropped. 

In  Experiment  5  we  tried  to  enhance  sulfate  reduction  by 
trapping  straw  near  the  lake  bottom.  We  speculated  that  the  lake 
sediment  might  provide  a  location  for  long-term  sulfate 
reduction.  Results  were  similar  to  experiment  4  because, 
although  sulfide  reduction  produced  acid  neutralizing  capacity, 
the  straw-dosed  enclosures  soon  re-acidified. 

In  Experiment  6  we  tested  dosage  rates  by  adding  different 
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amounts  of  straw  to  enclosures.   We  found  that  the  amount  and 
duration  of  neutralization  varied  with  the  dosage. 

We  conclude  from  our  experiments  that  sulfate  reduction  is  a 
process  that  can  be  used  to  neutralize  acid  mine  lakes,  but  that 
the  process,  as  we  employed  it,  only  resulted  in  temporary 
neutralization.  Other  investigators  (30,31,15,16)  have  shown 
that  sulfate  reduction  only  becomes  permanent  if  the  resulting 
sulfide  is  removed  from  the  water  column  as  H_S  or  FeS.  We 
speculated  that  in  our  experiments  the  water  columns  were  too 
long  to  allow  significant  outgassing  of  sulfur  as  H-S  and  that 
the  presence  of  organic  chelators  prevented  precipitation  of  FeS. 
Our  results  emphasize  that  for  permanent  neutralization  of  acid 
waters,  sulfate  reduction  is  not  enough.  The  resulting  sulfide 
must  be  removed  from  the  water  column  and  permanently 
sequestered. 
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INTRODUCTION 

Surface  Mine  Lakes  in  the  Midwest 

Lakes  are  a  more  or  less  desirable  byproduct  of  surface  mining 
for  coal  in  the  American  Midwest.  Alkaline  surface  mine  lakes 
can  be  a  significant  environmental  amenity  and  can  be  used  for 
fishing  and  water  supply  (24) .  Acid  lakes  do  not  support  fish, 
are  useless  for  water  supply  without  extensive  treatment  and 
produce  pollution  effluents  at  their  outfalls.  Both  kinds  of 
lakes  are  formed  when  abandoned  mine  pits  fill  with  groundwater. 
The  resulting  lakes  are  deep,  steep-sided  and  contain  water  with 
extremely  high  levels  of  dissolved  solids  (35, 10) .  Many  mine 
lakes  are  extremely  acid  with  pH's  as  low  as  2.0.  Low  pH's  are 
caused  by  the  weathering  of  sulfide  minerals  (pyrite  and 
marcasite)  exposed  in  the  minespoil  surrounding  the  lake.  The 
weathering  of  pyrite  follows  eguation  a  (from  22)  and  results  in 
the  production  of  large  amounts  of  sulfuric  acid. 

a)  FeS2  +  3.75  ©2  +3.5  H^O >  Fe(0H)2  +2S0^~^  +  4H''' 

In  addition  to  its  high  sulfuric  acid  content  and  low  pH,  acid 
mine  drainage  also  contains  high  concentrations  of  many  heavy 
metals  (17).  In  Illinois,  8%  of  the  14,000  acres  of  surface 
mine  impoundments  are  "adversely  affected  or  undesirable"  because 
of  acid  inputs  (23, 14) .  In  other  midwestern  areas  like  southern 
Indiana  (7,35)  ,  mine  overburdens  are  not  as  rich  in  acid 
neutralizing  materials  as  Illinois,  so  acid  lakes  are  even  more 
common . 

Although  the  current  Federal  Surface  Mining  and  Reclamation 
Control  Act  (P.L.  95-87)  forbids  the  creation  of  all  "final  cut" 
impoundments  (whether  acid  or  alkaline)  and  mandates  regrading  to 
fill  large  water  bodies,  many  lakes  remain  on  sites  mined  before 
the  passage  of  the  mine  law  in  1977.  The  poorest  water  quality 
is  found  in  lakes  on  "abandoned  mine  lands"  where  mining 
operations  ceased  before  August  3 ,  1977 . 

Hypotheses  About  Lake  Neutralization  - 

A  number  of  investigators  (6,8,  5)  have  shown  that  acidic 
mine  lakes  neutralize  over  time.  The  cause  of  the  neutralization 
is  unclear  but  it  is  important  to  discover  the  mechanism  of  acid 
lake  neutralization  so  that  ways  can  be  found  to  accelerate  the 
process. 

Some  investigators  have  suggested  that  within-lake  sulfate 
reduction  plays  a  major  role  in  the  neutralization  process.  King 
et  al.  (22)  argued  that  neutralization  occurs  as  the  lake 
watershed  becomes  revegetated  and  contributes  organic  matter  in 
the  form  of  leaves  and  twigs  to  the  lake.  This  organic  matter 
becomes  a  substrate  for  sulfate-reducing  bacteria  which  produce 
H  S  in  the  lake  water  column.  King  et  al.  (22)  tested  their 
hypothesis  using  laboratory  microcosms   and  demonstrated  that 
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organic  matter  additions  to  acid  mine  drainage  do  support  sulfate 

reduction  and  neutralization.   According  to  King  et  al.  (22)  the 

H_S  produced  would  be  outgassed  from  the  lake  surface  removing 

H^  from  the  lake.     Direct  outgassing  of  H-S  from  the  surface  of 

mine  lakes  seems  unlikely  to  occur  at  any  significant  rate 

because   in  most  lakes  the  H.S  is  prevented  from  contact  with  the 

air  by  2  to  10  m  of  oxygenated  water.    Any  H_S  mixed  into  this 

zone  would  be  oxidized  back  to  H^SO.. 

2   4 

A  more  appropriate  hypothesis  concerning  internal 
neutralization  of  sulfuric  acid  in  lakes  is  presented  by 
Schindler  et  al.  (30) .  Their  evidence  shows  that  reduction  of 
sulfate  to  sulfide  and  storage  of  this  sulfide  in  the  sediment  as 
FeS  is  a  source  of  neutralization.  The  sediment  and  hypolimnion 
are  the  probable  locations  of  this  reaction  in  surface  mine 
lakes.  More  recently  Schindler  et  al.  (31)  found  that  sediment 
sulfate  reduction  contributed  39  meq/m  /yr  to  the  acid 
neutralizing  capacity  (alkalinity)  of  an  experimentally  acidified 
lake  in  Ontario. 

Anderson  and  Schiff  (  2)  showed  that  in  acid  rain 
influenced-lakes  permanent  neutralization  was  produced  by  iron 
and  sulfate  reduction  and  precipitation  as  FeS.  The  reduction  of 
sulfate  to  H^S  would  only  produce  temporary  neutralization.  The 
reduction  of  iron  consumes  H+  according  to  equation  b. 

b)  CH  O  +  4FeOOH  +  SH"^  — >  C0_  +  4Fe"'""'"  +  7H^0 

^  2  2 

Although  the  reduction  of  SO  consumes  h"*"  (equation  c)  , 
the  H+  is  released  again  as  the  H  S  is  reoxidized  or  the  S —  is 
precipitated  as  FeS  (equation  d) . 

c)  2CH2O  +  S0^~"  +  2H^  -->  2CO2  +  H2S  +  2H2O 

d)  Fe"*"*"  +  H2S  — >  FeS  +  2H"'" 

The  reduction  of  iron  is  thus  a  requirement  for  neutraliza- 
tion of  acid  lakes  by  FeS  precipitation.  If  iron  reduction  and 
precipitation  do  not  occur,  high  pH  will  be  maintained  only  as 
long  as  H^S  exists.  As  soon  as  the  water  column  becomes  aerobic 
again,  the  H  S  will  be  oxidized  to  H  SO  .  The  neutralization 
process  as  seen  by  Anderson  and  Schiff  f  2 J  converts  FeOOH  into 
FeS  while  releasing  the  OH   into  the  water  column. 

In  acid  mine  drainage,  sulfate  reduction  might  not  result  in 
neutralization  by  exactly  the  mechanism  proposed  by  Anderson  and 
Schiff  (  2)  because  a  significant  fraction  of  the  iron  in  acid 
mine  drainage  is  present  as  Fe  already  (26)  .  In  this  case, 
sulfate  reduction  and  precipitation  should  remove  the  Fe  that 
produces  a  large  part  of  the  mineral  acidity  in  acid  mine 
drainage. 
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The  Role  of  Sulfate  and  Iron-Reducing  Bacteria 

Because  of  their  importance  in  the  neutralization  process, 
it  is  important  to  understand  the  physiology  of  the  sulfate 
reducing  bacteria  that  inhabit  lakes.  These  organisms  are 
obligately  anaerobic  heterotrophs  of  a  number  of  genera  which 
reduce  large  quantities  of  sulfate  to  sulfide  in  a  process  called 
dissimilatory  sulfate  reduction.  The  bacteria  use  organic  carbon 
as  an  electron  donor  and  sulfate  as  an  electron  acceptor  in  a 
manner  similar  to  aerobic  heterotrophs  using  organic  carbon  and 
oxygen.  For  the  sulfate  reducers,  oxygen  is  replaced  by  sulfate 
in  respiration.  Because  oxygen-based  respiration  is  more  energy 
efficient  than  sulfate-based  respiration,  sul fate-reducing 
bacteria  are  only  active  where  there  is  not  enough  oxygen  to 
support  aerobic  heterotrophs.   (27) 

Other  bacteria  and  algae  also  reduce  sulfate  to  sulfide 
under  aerobic  conditions,  but  they  engage  in  the  process  only  to 
supply  reduced  sulfur  for  essential  biochemical  compounds.  This 
process  is  called  assimilatory  sulfate  reduction  and  produces 
only  small  quantities  of  reduced  sulfur.   (39) 

Iron-reducing  bacteria  behave  similarly  to  sul fate-reducing 
bacteria.  Instead  of  using  sulfate  as  an  electron  acceptor,  they 
use  Fe  .  Like  sul fate-reducers,  they  are  obligate  anaerobes. 
(37)  . 

Baas-Becking  et  al.  (  4)  found  that  dissimilatory  sulfate 
reduction  is  limited  to  environments  with  pH>4.2  environments. 
Their  results  are  based  on  a  survey  of  the  literature  for  data  in 
which  the  redox  potential,  and  pH  were  reported  for  environments 
in  which  sulfate  reduction  was  occurring.  Schuurkes  and  Kok  (32) 
tested  rates  of  sulfate  reduction  in  laboratory  studies  of  lake 
sediment  incubated  at  different  pH's  and  found  that  the  reaction 
was  slowed  at  pH<5.0  for  samples  from  acid  lakes  and  pH<6.0  for 
samples  from  circumneutral  lakes. 

Lake  Enclosure  Experiments 

We  tested  the  validity  of  the  theory  that  sulfate  reduction 
would  promote  acid  mine  lake  neutralization  by  adding  organic 
matter  to  an  acidic  mine  lake.  Theory  would  suggest  that 
additional  organic  matter  should  accelerate  the  neutralization  of 
the  lakes  by  stimulating  bacterial  reduction  reactions. 
Unfortunately,  the  direct  addition  of  organic  matter  to  a  whole 
lake  presents  a  number  of  difficulties.  The  most  important 
difficulty  is  that  of  experimental  controls.  To  truly  test  the 
effects  of  organic  matter  addition,  one  would  need  two  exactly 
paired  lakes  —  one  for  the  experimental  modification  and  the 
other  for  a  control.  An  exact  pairing  of  lakes  is  virtually 
impossible. 

The  use  of  a  whole  lake  for  such  an  experiment  also  presents 
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the  problem  that  multiple  management  strategies  cannot  be  tested 
side  by  side.  For  example,  one  would  have  difficulties  testing 
different  sources  of  organic  matter  as  potential  neutralizing 
agents.  To  conduct  a  test  of  the  organic  neutralization 
hypothesis  on  whole  lakes  would  also  be  logistically  difficult 
because  it  would  require  the  use  of  a  large  number  of  lakes  and 
consume  large  amounts  of  material. 

These  problems  with  whole-lake  manipulation  experiments  can 
be  mitigated  by  using  enclosures  of  lake  water.  Enclosures  are 
portions  of  the  lake  that  are  walled  off  from  the  main  body  of 
water  and  which  can  be  manipulated  separately  to  test  hypotheses 
about  lake  processes.  In  most  cases  these  enclosures  have  been 
either  plastic  bags  containing  lake  water  (2^)  or  tubes 
constructed  of  plastic  film  that  stretch  from  the  lake  surface  to 
the  sediment  (2^) . 

Havens  and  DeCosta  (1^)  and  Wilcox  and  DeCosta  (40)  tested 
the  effects  of  acidification  and  nutrient  additions  to  lakes  in 
enclosures  suspended  in  a  West  Virginia  lake.  Their  enclosures 
were  1750  liter  plastic  bags  which  were  closed  at  the  bottom. 
The  use  of  enclosures  allowed  the  investigators  to  vary 
experimental  protocols  between  small  replicate  bodies  of  lake 
water.  One  bag  was  reserved  as  a  control  and  the  others  were 
either  acidified  or  fertilized  or  both.  They  found  that  primary 
productivity  was  unaffected  by  acidification  except  for  a  brief 
period  of  "pH  shock"  at  the  beginning  of  the  experiment  when 
growth  rates  were  reduced. 

Lund  (2^)  used  much  larger  (45.5  m  diameter)  enclosures  of 
butyl  rubber  that  reached  from  the  surface  to  the  bottom  of 
Blelham  Tarn  in  England.  He  added  phosphate  and  silicate  to  the 
enclosures  and  examined  the  effect  of  addition  of  these  nutrients 
on  phytoplankton  growth  and  succession. 

Shapiro  (34^)  used  polyethylene  enclosures  in  Minnesota  lakes 
to  show  the  effect  of  additions  of  C0_,  phosphorus,  and  nitrogen 
on  nuisance  blooms  of  blue-green  algae. 

Schindler  et  al.  (31)  used  enclosures  in  addition  to  whole 
lake  manipulations  to  test  the  effect  of  acidification  with 
sulfuric  acid  on  lakes  in  western  Ontario.  Their  purpose  was  to 
examine  the  effects  of  acid  precipitation  on  lakes.  They  found 
that  the  added  sulfate  was  quickly  reduced  to  sulfide  by  sulfate- 
reducing  bacteria.  The  sulfide  was  eventually  precipitated  as 
ferrous  sulfide.  This  process  raised  the  pH  of  the  enclosed 
water  column. 

Schiff  and  Anderson  (29)  continued  Schindler  et  al.'s  (2) 
work  using  enclosures  that  were  open  to  the  sediment.  They  added 
sulfuric  acid  to  the  enclosures  to  maintain  a  pH  of  5.0  to  5.2  — 
pH's  normally  encountered  in  an  acid  precipitation-influenced 
lake.  They  found  that  additions  of  acid  had  to  continue  in  order 
to  maintain  the  low  pH.    Schiff  and  Anderson  (29)   hypothesized 
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that  the  sediment  continuously  consumed  acid. 

In  contrast  to  Schif  f  and  Anderson  (29^)  ,  who  added  acid  to  a 
neutral  lake  containing  natural  organic  matter,  we  conducted 
experiments  in  which  we  added  organic  matter  to  a  lake  that  is 
already  acid.  We  tested  the  effectiveness  of  organic  matter  in 
raising  pH  and  reducing  acidity  in  Pit  #8  of  Will  Scarlett  Mine, 
an  acidic  surface-mine  lakes.  All  tests  were  performed  in  large 
polyethylene  enclosures  similar  to  those  of  Schiff  and  Anderson 
(29). 
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METHODS 

Location 

Pit  #8  of  the  Will  Scarlett  Coal  Mine,  Carriers  Mills, 
Illinois,  was  chosen  for  our  experiments  because  it  is  an  acidic 
mine  lake  with  an  appropriate  range  of  depths  (see  Figure  1) . 
Peabody  Coal  Company  had  already  done  a  thorough  morphometric  and 
limnological  survey  of  the  lake  (2^) .  The  lake  is  a  final  cut 
impoundment  with  three  inclines  whose  depth  grades  from  0  to  22.9 
m.  It  was  formed  when  mining  ceased  in  1972.  The  pH  of  the  main 
pit  was  4.2  on  March  21,  1988,  but  had  increased  to  6.1  by 
September,  1989. 

We  decided  to  locate  the  experimental  enclosures  in  the 
middle  incline  of  the  lake.  It  is  separated  from  the  main  lake 
by  a  shallow  sill  (Fig  1) .  The  water  at  the  head  of  the  middle 
incline  is  more  acid  (pH<3.1)  than  the  main  lake  (pH=6.1). 
Apparently,  the  middle  incline  has  a  separate  source  of  acid  mine 
drainage  which  is  prevented  from  mixing  with  the  main  lake  by  the 
sill. 


General  Experimental  Design 

Experiments  were  performed  in  cylindrical  polyethylene 
enclosures  3  to  6  m  long  by  1  m  wide  held  open  with  large  plastic 
hoops.  Six  cylinders  (Fig.  2)  were  suspended  from  a  floating 
dock  in  the  middle  incline  of  Pit  #8  (Fig.  1) .  The  tops  of  the 
cylinders  were  open  to  the  air  and  the  bottoms  were  open  and  sunk 
in  the  mud  of  the  lake  bottom.  This  configuration  allowed 
natural  exposure  of  the  water  column  within  the  enclosures  to  the 
sediment  and  to  the  atmosphere. 

The  advantage  in  using  enclosures  for  limnological 
experiments  is  that  small  regions  of  a  lake  can  be  partitioned 
off  from  the  main  lake  for  experimentation.  These  "enclosures" 
allow  the  establishment  of  controls  to  the  experimental 
manipulations.  They  also  reduce  the  expense  of  experiments  by 
reducing  the  amount  of  additives  needed.  In  the  case  of  experi- 
ments where  the  possibility  of  temporary  environmental 
degradation  exists,  a  smaller  portion  of  the  environment  is 
placed  at  risk. 

A  disadvantage  of  enclosures  is  that,  although  the 
polyethylene  cylinders  reduce  interchange  with  the  open  lake, 
they  do  not  completely  prevent  it.  One  would  expect  that  effects 
of  treatments  would  be  of  shorter  duration  in  enclosures  than 
they  might  be  in  a  whole  lake  because  of  this  interchange. 

Five  complete  experiments  numbered  2  to  6  were  performed 
during  the  spring  and  summer  of  1988  and  1989.    Experiment  1  was 
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Figure  1:  Research  Location 
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Figure  2;  Experimental  Apparatus 
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begun  in  April,  1988,  but  was  terminated  early  when  the 
enclosures  floated  out  of  the  lake  sediment  because  of  rising 
lake  water  levels.  Experiment  1  will  not  be  discussed  further. 

During  each  experiment,  different  materials  were  added  to 
the  lake  water  confined  in  the  enclosures  as  tests  of  their 
ability  to  stimulate  sulfate-reduction.  In  all  cases,  chemical 
sampling  of  enclosures  began  within  one  hour  of  the  first 
application  of  additives. 

Field  Sampling 

Water  samples  were  taken  from  the  top,  middle  and  bottom  of 
each  .  enclosure  and  from  the  open  lake.  The  precise  depth  of  the 
samples  varied  between  experiments  because  enclosure  lengths 
varied  from  3  to  6m.  Three  kinds  of  water  samples  were  taken  at 
each  depth  using  a  Kemmerer  sampler.  One  sample  was  placed  in  a  1 
liter,  acid  washed,  polyethylene  bottle  to  be  used  for  general 
chemical  analyses.  Temperature  measurements  of  the  sample  were 
made  in  the  polyethylene  bottle  immediately  after  collection  with 
a  field  thermometer.  Within  1  hour  of  sampling,  pH  was  measured 
in  the  polyethylene  bottles  using  a  Corning  glass-electrode  field 
pH  meter.  Another  sample  was  placed  in  a  clear  300  ml  B.O.D. 
bottle  with  1  ml  of  IN  zinc  acetate  solution  for  sulfide 
analysis.  A  third  sample  was  collected  in  a  darkened  300  ml 
B.O.D.  bottle  for  oxygen  analysis  by  the  Winkler  method.  This 
sample  was  treated  with  manganous  sulfate  and  alkaline  azide 
reagent  to  fix  oxygen  concentrations  in  the  field  (  1) .  The 
Winkler  oxygen  method  was  chosen  over  the  easier  oxygen  electrode 
method  because  the  acid  water  of  Pit  #8  corroded  electrodes 
making  them  unreliable. 

Secchi  disc  measurements  were  made  to  determine  water 
clarity  on  several  occasions  during  experiments  5  and  6.  These 
measurements  were  made  down  each  enclosure  with  a  standard  limno- 
logical   Secchi   disc. 

Laboratory  Methods 

In  the  laboratory,  samples  were  analysed  using  the 
techniques  of  Standard  Methods  (  1)  .  Analysis  began  immediately 
after  our  return  from  the  field. 

Samples  were  first  analysed  for  alkalinity  using  potent i- 
ometric  titration  to  a  pH  4.4  endpoint  with   0.02   N  H  SO  . 
Alkalinity  was  measured   in  all  samples  having  a   lab  pH>4.4. 
Analyses  were  done  within  6  hours  of  sample  collection. 

Acidity  of  low-pH  samples  was  measured  after  boiling  with 
H_0  .  Samples  were  titrated  potentiometrically  with  0.02  N  NaOH 
to  an  endpoint  of  pH  8.3.  Analyses  were  done  within  6  hours  of 
sample  collection. 

H  SO   was  added  to  the  field-fixed  oxygen  samples  in  the 
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laboratory.   Oxygen  was  measured  by  iodimetric  titration  with 
thiosulfate. 

Likewise,  total  sulfide  was  measured  by  iodimetric  titration 
with  thiosulfate  using  samples  from  the  zinc  acetate-dosed  B.O.D. 
bottles.  Sulfide  analysis  was  done  within  24  hours  of  sample 
collection. 

Within  a  week  of  sample  collection,  sulfate  was  determined 
turbidimetrically  using  barium  chloride  to  precipitate  sulfate. 
Analyses  were  performed  on  small  aliquots  of  lake  water  (1  to  3 
ml)  because  of  high  sulfate  concentrations. 

Total  phosphorxis  was  measured  on  unfiltered  samples  that  had 
been  digested  with  persulfate  in  an  autoclave.  Measurement  of 
total  phosphorus  was  performed  spectrophotometrically  with  the 
phosphomolybdate-blue  method.  Ascorbic  acid  was  used  as  the 
reducing  agent.  Total  phosphorus  determinations  were  only  made 
during  1988. 

One  hundred  milliliter  aliquots  were  removed  without 
filtering  from  the  raw  water  samples  for  analysis  of  cations. 
One  milliliter  of  concentrated  HNO  was  added  to  the  100  ml 
aliquots  to  keep  cations  in  solution.  KCl  was  added  to  the  1988 
samples  to  bring  the  final  concentration  of  K  to  2  mg/1.  This 
addition  was  made  to  prevent  ionization  problems  when  Al  was 
measured  by  atomic  absorption.  The  aliquots  were  collected  and 
stored  at  4  C  until  analyses  could  be  performed  (about  9  months 
later) . 

Cation  analyses  were  performed  using  atomic  absorption 
spectrophotometry.  Cations  analysed  were  Fe,  Mn,  Al,  and  Zn. 
Analyses  of  Cu,  Cd  and  Pb  were  attempted,  but  concentrations  were 
below  detectable  levels  for  the  techniques  used.  Except  for  Al, 
all  metals  were  analysed  using  an  air-acetylene  flame.  For  Al 
analysis  a  nitrous  oxide-acetylene  flame  was  used.  A  Varian  1000 
atomic  absorption  spectrophotometer  was  used  for  all  metal 
analyses  during  1988.   A  Varian  model  AAIO  was  used  during  1989. 

During  the  second  year  of  the  experiment  aluminum 
measurements  were  done  using  the  Eriochrome  Cyanine  RC  spectro- 
photometric  method  from  Standard  Methods  (  1) .  This  method  was 
chosen  because  it  is  sensitive  within  the  range  of  values  found 
in  our  samples  (approximately  2  mg/L)  .  The  optimum  range  of  the 
atomic  absorption  method  is  somewhat  above  the  mean  of  our 
samples . 

Quality  Control 

In  order  to  ensure  reproducibility  in  chemical  analyses,  an 

artificial  acid  mine  drainage  solution  was  produced  in  the 

laboratory.    The  solution  consisted  of  WC  algal   growth  medium 

(11)  without  trace  metal  additions.   To  this  solution  we  added  2 

mg/1   of  each  of  the  metals  in  the  form  of   atomic  absorption 
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standard   solutions  prepared  by  Fisher  Scientific   Company.    We 
added  the  metals  which  we  routinely  measured  in  Pit  #8  (Table  1) . 


Table  1:   Composition  of  artificial  acid  mine  drainage, 
are  one  standard  deviation. 


Errors 


Constituent 

Amount  Added 

Amount  Measured 

Repetitions 

h'''oS  h_so. 
Al    2   4 

36  meq/1 

40   +3  meq/1 

20 

Not  in  range 

2  mg/1 

2. 05+. 53  mg/1 

20 

Fe 

2  mg/1 

2. 59+. 40  mg/1 

18 

Not  in  range 

Zn 

2  mg/1 

1.68+.13  mg/1 

17 

Not  in  range 

Mn 

2  mg/1 

1.87+.13  mg/1 

17 

Cd 

2  mg/1 

1.92+.04  mg/1 

9 

Not  in  range 

SO." 

(includes  MgSO 
H  BO 

MgS0^.7H  0 
K  HPO    ^ 

caci_* 

1728  mg/1 

2100   +499  mg/1 

22 

+  H  so  ) 
^6  mg/1 

not  measured 

37  mg/1 

not  measured 

9  mg/1 

not  measured 

40  mg/1 

not  measured 

Four  liters  of  artificial  acid  mine  drainage  were  prepared  at 
the  beginning  of  the  1989  field  season.  Analyses  of  the 
artificial  acid  mine  drainage  were  made  on  aliquots  from  the 
original  4  liters  at  the  same  time  as  the  samples  from  Pit  #8. 
Analyses  were  repeated  each  week  that  we  sampled  the  lake. 

Measurements  of  4  chemical  variables  were  not  within  1  standard 
deviation  of  the  expected  value  (not  in  range  on  Table  1) . 
Differences  can  probably  be  attributed  to  inaccuracies  in  the 
original  preparation  of  the  artificial  acid  mine  drainage. 

Phytoplankton 

Phytoplankton  samples  were  taken  from  the  middle  depth  of 
each  enclosure  and  from  the  open  lake  for  experiments  2  through 
4.  Samples  were  fixed  with  Lugol's  (I_-KI)  solution  and  counted 
using  the  inverted  microscope  technique  of  UtermBhl   (33^)  . 

Bacteria 


Samples  of  water  and  sediment  from  Experiment  4  were 
incubated  anaerobically  in  API  (American  Petroleum  Institute) 
Broth.  API  Broth  contains  only  sulfate,  lactose,  ferrous  ion, 
and  an  inorganic  nitrogen  source.  It  is  an  indicator  medium  for 
sulfate^reducing  bacteria   (  3^,  9)  . 


Anaerobic  conditions  were  maintained  in  the  cultures 
using  a  "Gas  Pak".    This  is  an  air-tight  vessel  into  which 
inoculated  cultures  were  placed.    The  vessel  contains  an  H_ 
generator  and  a  palladium  catalyst  which  removes  oxygen  from 
air  as  water.   Incubation  of  the  cultures  was  at  20   C, 


by 
the 
gas 
the 
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statistical  Analysis 

A  major  statistical  question  of  our  work  was  "Are  the 
differences  between  treatments  real?".  To  test  this  question  we 
used  the  Wilcoxon  Signed  Rank  Test  (38) .  This  test  uses  paired 
samples  in  which  one  set  of  samples  is  subtracted  from  the  other. 
For  our  experiments  we  paired  samples  at  each  depth  and  each  date 
between  treatments.  For  example,  in  comparisons  between  the 
control  and  straw  enclosures  samples  at  a  given  depth  and  sample 
date  were  paired.  The  sample  from  the  straw  enclosure  for  a 
particular  water  quality  parameter  were  subtracted  from  the 
control  sample  with  which  it  was  paired.  The  absolute  values  of 
the  differences  were  ranked  and  the  rank  of  positive  differences 
were  summed.  Likewise,  the  ranks  of  the  negative  differences 
were  also  summed.  A  test  statistic  (Z)  was  calculated  and  all 
experimental  pairs  were  tested. 

The  advantage  of  the  Wilcoxon  Signed  Rank  Test  is  its  lack 
of  assumptions  about  statistical  distributions  of  the  samples. 
An  alternative  test  would  be  the  paired  sample  ANOVA,  but  this 
assumes  that  the  data  are  normally  distributed  and  have  equal 
variances  ~  assumptions  that  are  too  restrictive  for  our  data. 

Experimental  Conditions 

Because  of  variations  in  lake  conditions,  the  circumstances 
of  each  experiment  were  slightly  different.  Until  August  24, 
1988,  the  water  of  the  middle  incline  was  strongly  stratified. 
The  surface  water,  though  acid  (acidity  =  70  mg/1  CaCO  ,  pH=  3.0) 
did  not  have  as  high  a  concentration  of  dissolved  solids  as  the 
deep  water.  The  water  at  depths  greater  than  5  m  was,  however, 
much  more  strongly  influenced  by  acid  mine  drainage  (acidity  = 
500  mg/1  CaCO  ,  pH=2.7).  Experiment  2  was  performed  in  shallow 
water  (less  than  4m)  so  there  was  no  effect  of  the  acid  mine 
drainage  layer  on  the  results.  Experiment  3  was  performed  in  6  m 
of  water  during  the  time  of  stratification  so  the  acid  mine 
drainage  layer  may  have  been  important  in  the  results. 
Experiment  4  was  also  performed  in  6  m  of  water,  but  by  the  start 
of  the  experiment,  the  layer  had  mixed  into  the  rest  of  the  lake. 

In  the  second  year,  experiments  were  again  performed  in 
shallow  water  (3m)  because  we  feared  that  long  polyethylene 
cylinders  would  allow  more  interchange  with  the  surrounding  lake 
water  than  short  ones.  During  the  second  year,  the  middle 
incline  was  also  stratified  below  5  meters.  In  contrast  with 
1988,  the  lake  remained  stratified  throughout  the  experiments, 
but  the  enclosures  were  located  at  3  m  —  shallower  than  the 
stratified  layer.  The  deepest  layers  of  the  enclosures  had 
higher  dissolved  solids  than  the  shallow  layers  but  the 
difference  was  not  as  strong  as  it  had  been  in  1988. 
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Quality  and  Sources  of  Additives 

An  attempt  was  made  during  these  experiments  to  use 
materials  that  would  be  normally  available  to  a  coal  mine 
operator.  On  a  few  occasions  chemically  pure  laboratory  reagents 
were  used.   Additives  and  sources  are  listed  below. 

K  H  PO  -  Fisher  Analysed  reagent  grade  chemical 

Chalk  -  CaCO_  -  Fisher  Analysed  reagent  grade  chemical  -  labeled 
Precipitated  chalk. 

Super  phosphate  fertilizer 

Straw  -  Wheat  straw 

Hydrated  Lime  -  Ca(OH)    packaged   in  bulk   for  agricultural 
purposes 

Limestone  -  CaCO  ,   MgCO  and  silicate  rock  purchased  loose  from 
local  agricultural  supply  store 

Sewage  Sludge  -  Anaerobic  digester  sludge  taken  from   SIU- 
Edwardsville  sewage  treatment  plant's  drying  beds 

Mesh  bags  -  .5  cm  width  mesh 
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RESULTS  AND  DISCUSSION 

In  this  section  each  experiment  will  be  discussed  in  turn. 
We  will  present  the  purpose  of  the  experiment,  the  additives 
used,  the  results  we  obtained,  and  a  brief  discussion  of  the 
significance  of  each  experiment. 

Experiment  2    4/27/88  to  6/22/88 
Purpose 

Experiment  2  was  our  first  successful  experiment.  We 
planned  the  additives  to  test  our  initial  hypotheses  about  mine 
lake  neutralization. 

Wheat  straw  was  used  as  an  additive  because  it  was  expected 
to  mimic  the  natural  organic  matter  that  would  accumulate  in  a 
lake  as  it  matures.  King  et  al.  (22)  have  suggested  that  this 
process  is  important  in  the  natural  recovery  of  surface  mine 
lakes . 

Anaerobic  digester  sludge  was  used  as  another  organic 
additive  because  it  is  an  organic  material  that  might  be  used  by 
mine  operators  to  enhance  the  natural  neutralization  process. 

Phosphate  was  added  in  a  similar  effort  to  enhance  the 
natural  neutralization  process.  The  within-lake  production  of 
organic  matter  by  plant  growth  is  limited  by  the  availability  of 
phosphorus  in  lakes  uninfluenced  by  acid  (19) .  We  supposed  that 
fertilization  of  the  lake  with  phosphate  would  result  in  the 
production  of  organic  matter  that  would  serve  as  a  substrate  for 
sulfate  reducing  bacteria. 

Finally,   CaCO   was  added  to  one  enclosure  to  examine  the 

effects  of  the  neutralization  technique  that  is  normally  used  by 

mine  operators.    Liming  was  compared  with  organic   matter 
additions  as  a  neutralization  technique. 

Two  enclosures  and  the  open  lake  itself  served  as  controls 
for  our  experiment.  The  two  control  enclosures  received  no 
additives.  The  open  lake  samples  were  used  to  test  if  the 
enclosure  process  itself  changed  the  responses  of  the  lake. 

Additives  -  Experiment  2  (Table  2) 

Both  sewage  and  straw  additions  were  chosen  to  neutralize 
their  respective  enclosures  simply  by  the  HCO  that  would  be 
generated  when  the  organic  matter  they  contained  was  degraded  by 
bacteria.  For  our  calculations,  we  assumed  that  the  organic 
matter  was  mostly  glucose.  This  is  a  reasonable  assumption  for 
straw  with  its  high  cellulose  content,  but  it  is  likely  to  be  an 
oversimplification  for  sewage  sludge  with  its  complex  mixture  of 
organic  matter.    The   sewage   additive  was  assumed  to  be   50% 
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organic  matter. 

Phosphate  (as  KH  PO  ) ,  in  contrast,  was  added  in  gross 
excess  of  the  agents  expected  to  produce  eutrophication.  The 
expected  final  concentration  of  PO.  in  the  phosphate  enclosure 
was  10  mg/l.  This  high  concentration  was  chosen  to  produce  high 
rates  of  photosynthesis  and  organic  matter  production. 


CaCO_  in  the  form  of  chalk  was  added  to  the  lime 
in  an  amount  just  large  enough  to  remove  acidity  in 
enclosure.   No  excess  was  added. 


enclosure 
the   1 ime 


The  open  lake  was  sampled  because  of  the  concern  that  the 
presence  of  the  cylinders  might  modify  the  conditions  of  the 
experiment.  Samples  were  taken  at  the  same  depths  as  the  samples 
from  within  the  cylinders. 

Near  the  end  of  experiment  2,  because  pH  had  not  risen,  it 
became  apparent  that  too  little  organic  matter  had  been  added  to 
the  enclosures.  On  5/31/88  additional  straw,  sewage  sludge,  and 
chalk  were  added  to  the  appropriate  enclosures  (Table  2) . 

Table  2:  Additives  for  Experiment  2  -  April  27  to  June  22,  1988  - 
8  weeks  -4m  Depth 


Treatment 
Control  (CI) 
Control  (C2) 
Lime 

Phosphate 
Sewage  (Sew) 
Straw 
Open 


Date  of  Addition 
3/22 
Nothing 
Nothing 
Chalk  .46  kg 
KH  PO   .55  kg 
Slddgl  1.6  kg 
Straw  .82  kg 


5/31 
Nothing 
Nothing 
Chalk  .90  kg 
Nothing 
Sludge  7.5  kg 
Straw  3  -  0  kg 


Open  lake  measurements 


Results  -  Experiment  2 

Before  discussing  neutralization  processes,  it  is  first 
necessary  to  establish  criteria  with  which  to  judge  the 
effectiveness  of  additives  in  reducing  acidity  in  surface  mine 
lakes.  One  criterion  is  the  change  in  acid  neutralizing 
capacity  (ANC)  caused  by  particular  additives.  ANC  is  measured 
by  alkalinity  and  acidity  titrations.  Alkalinity  directly 
measures  ANC  whereas  acidity  can  be  seen  as  negative  ANC  because 
for  acidity  to  be  removed,  an  egual  amount  of  ANC  must  be 
supplied.  Net  ANC  can  thus  be  calculated  as  alkalinity  minus 
acidity.  We  can  say  that  some  neutralization  has  occurred  if 
there  is  an  increase  in  net  ANC  even  though  net  ANC  is  still 
negative  (i.e.  alkalinity  is  less  than  acidity) . 

A  problem  with  using  net  ANC   for  comparison   between 
experimental   enclosures   is   that  each  enclosure   is   not 
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homogeneous.  There  is  significant  variation  of  concentrations  of 
ions  with  depth.  To  solve  this  problem  we  can  calculate  a 
"standing  stock"  of  net  ANC  which  is  simply  the  total  amount  of 
net  ANC  in  the  enclosures.  This  number  is  calculated  by- 
multiplying  the  volume  of  water  at  each  depth  range  times  the  net 
ANC  in  meq/1  and  summing  over  all  depths.  The  result  is  a  single 
number  which  can  be  used  to  compare  treatments  on  each  sampling 
day. 

When  comparisons  of  standing  stock  of  net  ANC  are  made  for 
experiment  2  it  is  apparent  that,  as  expected,  additions  of  CaCO 
increased  the  standing  stock  of  net  ANC  (Figs  3  and  4). 
Increases  also  occurred  after  more  CaCO  was  added  to  the  lime 
enclosure  on  5/31/88  (week  5) .  The  additions  of  KH  PO  removed 
ANC  (i.e.  increased  acidity).  The  amount  of  increase  in  acidity 
only  slightly  exceeded  the  amount  expected  from  the  H  added  with 
the  KH-PO^.  Other  treatments  did  not  change  the  standing  stock 
of  net  ANC.  The  open  lake  Net  ANC  was  the  same  as  the  enclosures 
-  except  for  an  anomalous  decline  which  occurred  in  the  4th  week. 

Another  way  to  measure  the  effectiveness  of  additives  is  to 
test  the  statistical  significance  of  differences  between 
treatments.  In  this  case,  measurements  at  different  depths  in 
enclosures  need  not  be  summed  as  they  were  to  measure  standing 
stock  of  net  ANC.  The  Wilcoxon  Signed  Rank  Test  is  a  non- 
parametric  analogue  to  an  ANOVA.  It  was  applied  to  the  data  from 
experiment  2  (Table  3) . 

As  expected,  lime  and  phosphate  enclosures  show  the  most 
difference  from  the  controls.  Bar  graphs  are  taken  from  May  3, 
1988,  a  representative  week.  The  phosphate  enclosure  was  higher 
in  total  phosphorus  and  acidity  than  the  controls  (Fig.  5  and  6) . 
The  lime  enclosure  was  higher  in  alkalinity  and  pH  than  the 
controls  (Figs.  7  and  8)  .  The  pH  of  the  straw  enclosure  was 
slightly  higher  than  controls  (Fig.  8)  while  its  oxygen  levels 
were  lower  (Fig.  9)  .  When  the  data  are  examined  more  closely,  it 
is  apparent  that  the  last  weeks  of  the  experiment  have  the  lowest 
oxygen  concentrations  (Fig.  9) .  These  strongly  influence  the 
results  of  the  Wilcoxon  Signed  Rank  Test.  The  low  oxygen 
concentrations  occur  only  after  the  addition  of  3 . 0  kg  of  new 
straw  to  the  enclosure  on  5/31/88. 

Discussion   -  Experiment  2 

In  experiment  2  the  organic  matter  additions  produced  no 
neutralization  until  we  added  additional  material  on  May  31.  It 
was  apparent  that  the  amount  of  straw  added  at  the  beginning  of 
the  experiment  was  too  small  to  produce  sulfate  reduction,  but 
that  the  new  straw  added  on  May  31  began  the  process  of 
neutralization. 

Sewage  sludge  had  no  effect  on  neutralization  even  when  extra 
material  was  added  on  May  31.   Apparently,  the  sludge  we  used  was 
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Figure  3:  Standing  Stock  of  Net  Acid 

Neutralizing  Capacity  in  Experiment  2. 
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Figure  4:  Standing  Stock  of  Net  Acid 
Neutralizing  Capacity  in 
Experiment  2. 
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Table  3:  Wilcoxon  Signed  Rank  lest  on  Experiment  112.    Z   statistics  arc  listed. 
*  .05<P<.1  **.01<P<.05  ***P<.0) 


Temperature 

pH 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

ca 

Lime 

P04 

Straw 

Sewage 

Open 

CI        -1 

.27 

-0.55 

-1.33 

-2.04 

** 

-0.94 

-0.32 

CI 

-0.25 

-3.82 

AAA 

-0.24 

-2.69 

AAA 

-1.76 

A 

0.59 

C2 

-1.78 

* 

0 

-1.1 

-0.81 

-0.11 

C2 

-4.02 

AAA 

-0.53 

-2.17 

AA 

-0.75 

-0.39 

Lime 

-1.68  * 

-2.4 

** 

-1.58 

-0.73 

Lime 

-4.02  *** 

-3.82 

AAA 

-3.92 

AAA 

-4.01 

POA 

-0.84 

-0.81 

-0.07 

P04 

-2.53 

AA 

-1.41 

-1.08 

Straw 

-1.78  * 

-0.85 

Straw 

-2.68 

AAA 

-2.63 

Sewage 

-0.68 

Sewage 

-1.22 

Open 

Open 

Sulfide 

AUalini  ty 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

cr 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

0 

0 

0 

-1.34 

0 

0 

CI 

0 

-3.06 

AAA 

0 

0 

0 

0 

C2 

0 

q 

0 

0 

0 

C2 

0 

-3.06  *** 

0 

0 

0 

Lime 

0 

0 

0 

0 

Lime 

-3.06  *** 

-3.06 

AAA 

-3.06 

AAA 

-3.06 

P01 

0 

-1.34 

-1.34 

P04 

0 

0 

0 

Straw 

0 

0 

StriiH 

0 

0 

Sewage 

0 

Sewage 

0 

to 

Open 

Open 

00 

Oxygen 

Sulfate 

CI 

C2 

Lime 

P04 

straw 

Sewage 

Open 

CI 

C2 

lime 

P04 

Straw 

Sewage 

Open 

CI        -0 

.16 

-2.58 

*A* 

-0.83 

-3.6 

*** 

-1.88  * 

-1.84 

A 

Cl 

-1.33 

-0.35 

-0.7 

-0.36 

-0.93 

-0.06 

C2 

-2.35 

A* 

-1.03 

-2.8 

*A* 

-2.42  ** 

-2.21 

*A 

C2 

-1.42 

-1.93  * 

-0.89 

-2.03 

*A 

-1.23 

Lime 

-2.73  *** 

-2.35 

** 

-3.53  *** 

-0.2 

Lime 

-0.15 

-0.15 

-0.86 

-0.35 

P04 

-2.84 

*** 

-0.56 

-2.13 

** 

P04 

-0.14 

-0.31 

-0.83 

Straw 

-3.95  *** 

-1.59 

Straw 

-0.41 

-0.19 

Sewage 

-3.46 

AAA 

Sewage 

-1.35 

Open 

Open 

TOTAL  P 

Acidi  ty 

CI 

C2 

Lime 

P04 

straw 

Sewage 

Open 

Cl 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI        -1 

14 

-2.39 

** 

-3.03  *** 

-0.62 

-1.42 

-1.45 

CI 

-1.61 

-3.98 

AAA 

-2.51  ** 

-1.99 

AA 

-1.4 

-0.47 

C2 

-1.05 

-2.94  *** 

-0.45 

-1.92  * 

-0.1 

C2 

-4.02 

AAA 

-3.4  *** 

-0.65 

-0.65 

-0.64 

Lime 

-2.9  *** 

-1.5 

-2.34  ** 

-1.24 

L  inic 

-3.98  *** 

-3.92 

AAA 

-4.02 

AAA 

-4.02 

P04 

-3.29 

**A 

-2.42  ** 

-3.1 

AAA 

P04 

-3.15 

AAA 

-3.18 

AAA 

-1.96 

Straw 

-1.59 

-0.78 

Straw 

-1.81 

A 

-1.48 

Sewage 

-2.13 

A  A 

Sewage 

-0.83 

Open 

Open 
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Figure  5 :  Comparisons  of  total  phosphorus 

concentrations  among  treatments  in 

Experiment  2  on  5/3/88.  Numbers 

on  columns  are  depths  in  enclosures. 
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Figure   6:    Comparisons   of  acidity  among 
treatments    in  Experiment   2    on 
5/31/88.    Numbers    on   coliomns   are 
depths    in   enclosures. 
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Figure  7:  Comparisons  of  alkalinity  among 
treatments  in  Experiment  2  on 
5/31/88.  Numbers  on  columns  are 
depths  in  enclosures. 
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TREATMENT 

Figure  8:  Comparisons  of  pH  between  treatments 
in  Experiment  2  on  5/31/88.  Numbers 
on  columns  are  depths  in  enclosures. 
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4/27   5/3   5/10  5/17  5/24  5/31   6/9   6/22 

SAMPLE  DATE 


Figure  9:  Variations  in  oxygen  concentrations 
at  3  depths  in  the  straw  enclosure 
during  Experiment  2. 
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too  stable  to  provide  enough  easily  decomposible  organic  matter 
to  encourage  neutralization. 

The  phosphate  additions  had  just  the  opposite  effect  from 
that  hypothesized.  The  added  phosphate  immediately  precipitated 
producing  a  milky  turbidity  in  the  enclosure.  It  is  likely  that 
the  precipitate  was  aluminum  phosphate.  This  compound 
precipitates  readily  at  low  pH  (32,  37)  .  The  additions  of 
phosphate  as  KH  PO  resulted  in  an  increase  in  water  column 
acidity  as  measured  By  the  standing  stock  of  net  ANC. 

CaCO_  additions  neutralized  the  enclosure  as  expected,  but 
neutralization  was  not  permanent.  In  a  few  weeks  the  pH  and 
acidity  of  the  lime  enclosure  approached  that  of  the  surrounding 
lake  water.  This  result  suggests  that  the  enclosures  may  not  be 
entirely  leak-proof.  It  is  likely  that  there  is  some  interchange 
of  water  through  the  enclosure.  The  bottom  probably  allows  some 
seepage  of  lake  water  into  the  enclosure. 

The  control  enclosures  seem  to  be  adequate  to  control  for 
effects  resulting  from  the  construction  of  the  polyethylene 
cylinders.  These  effects  seem  to  be  small  because  the  Wilcoxon 
Signed  Rank  Test  only  detected  significant  differences  between 
the  control  enclosures  and  the  open  lake  for  oxygen 
concentrations . 

Although  experiment  2  showed  only  minor  amounts  of  sulfide 
production,  it  did  demonstrate  that  phosphate  additions  do  not 
increase  lake  trophic  status  in  acidic  surface  mine  lakes.  The 
high  levels  of  dissolved  aluminum  and  iron  in  these  lakes  could 
effectively  compete  with  phytoplankton  for  phosphate.  The 
aluminum  and  iron  sequester  added  phosphate  before  phytoplankton 
can  absorb  it. 

In  this  experiment,  however,  phosphate  was  added  in  huge 
excess  . of  the  amounts  that  could  possibly  be  precipitated  by 
alxominvim  or  iron  (assuming  the  formation  of  AlPO.  or  FePO. )  .  The 
standing  stock  of  iron  in  the  enclosures  was  151  mmoles/L.  The 
standing_stock  of  aluminum  was  346  mmoles/L.  We  added  4044  mmoles 
of  P04  .  There  should  have  been  huge  amounts  of  phosphate 
remaining  to  produce  an  algal  bloom.  It  is  likely  that  some 
other  factor  like  low  pH  or  nutrient  limitation  prevented  the 
production  of  an  algal  bloom. 

Experiment  3  -  6/22/88  to  8/17/88 

Purpose 

Because  the  small  organic  addition  originally  planned  for 
experiment  2  failed  to  produce  the  strong  neutralization  effect 
we  hoped  for,  we  increased  organic  loading  in  experiment  3  by 
adding  amounts  of  straw  approximately  equal  to  the  amounts  added 
at  the  end  of  experiment  2  (4/27/88)  .  We  also  expected  that  the 
inclusion  of  the  deep,   anaerobic  acid  mine  drainage  from  lake 
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depths  >4m  would  enhance  neutralization.    For  this  reason  we 
moved  the  experimental  apparatus  to  a  6m  deep  location. 

Additives  -  Experiment  3  (Table  4) 

As  with  experiment  2 ,  two  control  enclosures  were 
designated.  The  lime  enclosure  received  hydrated  lime  (Ca(OH)-) 
in  an  amount  expected  to  assure  neutralization  of  the  acidity 
trapped  in  the  enclosure.  We  changed  to  hydrated  lime  for 
neutralization  because  it  is  a  reagent  more  likely  to  be  used  as 
a  neutralizing  agent  by  a  mine  operator.  The  phosphate  enclosure 
received  a  very  small  amount  of  super  phosphate  fertilizer.  This 
amount  was  expected  to  cause  a  trophic  status  similar  to  that  of 
Southern  Illinois  lakes  that  are  not  impacted  by  acid  mine 
drainage.  The  sewage  sludge  and  straw  enclosures  received 
loadings  similar  to  those  added  in  experiment  2  on  5/31/88.  As 
usual,  open  lake  samples  were  taken  to  control  for  enclosure 
effects. 


Table  4:  Experiment  3 
6m  depth 


-  June  22  to  August  17,   1988  -  9  weeks  - 


Treatment 
Control  (CI) 
Control  (C2) 
Lime 

Phosphate 
Sewage  (Sew) 
Straw 
Open 


Date  of  Addition 
6/22 
Nothing 
Nothing 

Hydrated  Lime  1.32  kg 
Super  Phosphate  Fertilizer  .05  kg 
Sludge  9.4  kg 
Straw  4.2  kg 
Open  lake  measurements 


Results  -  Experiment  3 

Standing  stocks  of  net  ANC  do  not  show  any  clear  trends  for 
Experiment  3  (Figs.  10  and  11)  .  The  values  for  the  lime 
enclosure  tend  to  be  higher  than  the  controls,  but  most  other 
enclosures  showed  no  higher  ANC. 

The  Wilcoxon  Signed  Rank  Test  results  (Table  5)  show  that 
only  lime  additions  had  major  effects  on  water  quality. 
Aluminum,  iron,  manganese  and  zinc  concentrations  all  show 
statistically  significant  differences  between  lime  and  control 
enclosures. 

Straw  additions  had  little  effect  on  water  quality  in 
Experiment  3.  They  neither  reduced  oxygen  levels  nor  removed 
metal  ions . 

Sulfide  levels  remained  low  in  all  enclosures  and  the  open 
lake,  except  in  the  bottom  layers  (Fig.  12)  .  lime  additions 
produced  more  sulfide  than  either  of  the  organic  matter 
additions. 
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Experiment   3. 
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Figure    11:    Standing   Stock   of  Net  Acid 
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in  Experiment   3. 
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Table  5:  Wilcoxon  Signed  Rank  Test  on  Experiment  #3.  Z  statistics  are  listed. 
*  .05<P<.1  **.01<P<.05  ***P<.01 


Tenperature 

pH 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

-1.7  * 

-0.03 

-2.94 

*** 

-0.77 

-0.53 

-1.37 

CI 

-0.82 

-4.46  *** 

-1.44 

-3.01 

*** 

-1.46 

-2.71  *** 

C2 

-2.26  •• 

-1.05 

-1.89  * 

-0.62 

-2.99 

*** 

C2 

-4.35  *** 

-0.38 

-1.29 

-0.24 

-2.57  *** 

Lime 

-3.15 

*** 

-0.85 

-1.8  * 

-1.1 

Lime 

-4.43  *** 

-4.37 

*** 

-4.43 

*** 

-4.43  *** 

P04 

-2.82  *** 

-1.29 

-3.38 

*** 

P04 

-0.86 

-0.89 

-2.56  ** 

Straw 

-0.18 

-1.74 

* 

Straw 

-1.57 

-1.5 

Sewage 

.  -1.8 

* 

Sewage 

-2.84  *** 

Open 

Open 

Sulfide 

Alkalinity 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

■1.21 

-2.27  ** 

-0.37 

-0.94 

-0.37 

-0.37 

CI 

-1 

-4.37  *** 

-0.32 

-1 

-0.45 

-0.45 

C2 

-0.59 

-1.36 

-0.94 

-0.94 

-1.15 

C2 

-4.29  *** 

0 

0 

-1.34 

-1 

Lime 

-3.05 

*** 

-2.35  ** 

-2.78  *** 

-2.76 

*** 

Lime 

-4.37  *** 

-4.37 

*** 

-4.37 

**tr 

-3.92  *** 

P04 

-1.46 

-0.45 

-0.8 

P04 

0 

-1.34 

-1 

Straw 

-1.34 

-0.91 

Straw 

-1.34 

-1 

Sewage 

0 

Sewage 

0 

U) 

Open 

Open 

- 

U1 

Oxygen 

Sulfate 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

0.11 

-0.18 

-0.34 

-0.03 

-0.1 

-1.17 

CI 

-1.2 

-0.9 

-0.31 

-0.55 

-1.79 

-0.9 

C2 

-0.76 

-0.07 

-0.23 

-0.34 

-1.53 

C2 

-1.97  ** 

-1.31 

-2.71 

*** 

-3.05 

*«* 

-1.41 

Lime 

-0.15 

-0.14 

-0.27 

-1.14 

Lime 

-0.99 

-0.18 

-0.29 

-0.22 

P04 

-0.28 

-0.04 

-0.75 

P04 

-0.72 

-1.25 

-0.62 

Straw 

-0.14 

-1.25 

Straw 

-0.59 

-0.67 

Sewage 

Sewage 

-0.83 

Open 

Open 

Iron 


Acidity 


C1 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

-2.61 

*** 

-2.22  ** 

-0.36 

-3.98  *** 

-0.24 

-0.66 

CI 

-1.77  * 

-3.82  *** 

-1.14 

-0.19 

-0.34 

-0.54 

cz 

-1.86  * 

-1.44 

-3.34  *** 

-1.83  * 

-1.52 

C2 

-3.04  *** 

-0.26 

-1.76  * 

-1.25 

-0.05 

Lime 

-0.03 

-3.57  *** 

-0.65 

3.94 

*** 

Lime 

-1.83  * 

-3.41  *** 

-3.33  *** 

-3.91 

P04 

-2.37  ** 

-0.61 

-1.5 

P04 

-2.77  *** 

-1.74  * 

-0.85 

Straw 

-2.06  * 

-0.76 

Straw 

-0.22 

-0.67 

Sewage 

-1.11 

Sewage 

-0.18 

Open 

Open 

Table 

5:  Continued 

Zinc 

Manganese 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

2.03  ** 

-4.47  *** 

-1.83  * 

-0.19 

-1.38 

-2.1  ** 

CI 

-2.12  * 

-2.48  * 

-2.88 

*A* 

-0.05 

-0.7 

-0.62 

C2 

-3.89  *** 

-0.53 

-1.73 

* 

-0.9 

-1.17 

C2 

-1.98  ** 

-0.37 

-2.06  ** 

-2.18  ** 

-0.49 

Lime 

-4.47  *** 

-4.4 

*** 

-4.31  *** 

-4.41  *** 

Lime 

-1.18 

-2.19  ** 

-2.19  ** 

-3.11  *** 

P04 

-1.26 

-0.34 

-0.93 

P04 

-2.74  *** 

-2.49  * 

-1.42 

Straw 

-0.75 

-2.55  * 

Straw 

-0.86 

-0.31 

Sewage 

-0.81 

Sewage 

-0.21 

Open 

Open 

Total 

Phospti 

onus 

Aluminum 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

C2 

Lime 

P04 

Straw 

Sewage 

Open 

CI 

-1.7  * 

-0.55 

-1.36 

-0.34 

-0.2 

-1.03 

01 

-2.3  ** 

-4.42  *** 

-2.68 

*** 

0 

-0.13 

-0.16 

C2 

-1.97  ** 

-2.46  *• 

-0.69 

-1.18 

-0.27 

C2 

-4.2  *** 

-0.5 

-2.07  ** 

-2.81  *** 

-1.92  * 

Lime 

-1.37 

-1.14 

-0.6 

-1.63 

Lime 

-4.28 

*** 

-4.35  *** 

-4.43  *** 

-3.92  *** 

POA 

-2.97 

*A* 

-2.5  ** 

-2.22  ** 

P04 

-2.4  ** 

-2.49  ** 

-0.82 

Straw 

-0.57 

-1.36 

Straw 

-0.91 

-1.82  * 

Sewage 

-0.34 

Sewage 

-1.9  * 

Open 

Open 

0.8 

0.7- 

0.6- 

_i  0.5- 

E  0.4- 
I 
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Figure  12:  Comparisons  of  sulfide  concentrations 
among  treatments  in  Experiment  3  on 
7/6/88.  Numbers  on  columns  are  depths 
in  the  enclosures. 
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Discussion  -  Experiment  3 

The  results  of  experiment  3  were  disappointing  because 
little  sulfate  reduction  occurred.  The  most  sulfide  production 
occurred  in  the  lime  enclosure  where  no  organic  matter  had  been 
added.  As  expected,  additions  of  Ca(OH)„  removed  metal  ions  from 
the  water  column  and  raised  alkalinity  in  addition  to  encouraging 
a  small  amount  of  sulfate  reduction. 

We  propose  three  alternative  hypotheses  to  explain  the  lack 
of  sulfate  reduction  in  Experiment  3.  The  first  hypothesis  is 
that,  although  we  used  enough  straw  to  produce  sulfate  reduction 
in  Experiment  2 ,  we  still  were  not  providing  enough  for  the 
deeper  enclosures  used  in  Experiment  3 . 

The  second  hypothesis  is  that  low  pH  inhibits  sulfate 
reducing  bacteria.  The  results  of  Baas-Becking  (  4)  and 
Schuurkes  and  Kok  (32^)  support  this  hypothesis.  Our  discovery 
that  the  lime  enclosure  had  the  most  sulfide  production  in 
Experiment  3  also  suggests  that  this  hypothesis  might  be  true. 

A  third,  less  likely,  hypothesis  is  that  sulfate  reducing 
bacteria  were  absent  from  our  enclosures  and  that  sulfate 
reduction  did  not  occur.  We  knew  that  sulfate  reduction  was 
occurring  in  the  sediment  in  some  portions  of  the  lake  but 
sul fate-reducing  bacteria  might  be  excluded  from  our  enclosures 
for  some  reason  unknown  to  us. 

Experiment  4  -  8/24/88  to  8/27/88 

Purpose 

The  purpose   of  this  experiment  was  to  test  the  hypotheses 
generated  by  the  results  of  experiment  3 . 

Additives  -  Experiment  4  (Table  6) 

Because  even  the  increased  levels  of  organic  matter  used  in 
experiment  3  failed  to  produce  neutralization,  in  experiment  4 
organic  matter  was  added  every  week  for  the  first  three  weeks 
until  neutralization  occurred  (Table  6) . 

Two  new  enclosures  replaced  the  phosphorus  enclosure  and  one 
of  the  controls  (Table  6)  .  These  new  enclosures  were  used  to 
test  the  effect  of  raised  pH  on  sulfate  reduction.  Baas-Becking 
et  al.  (  4^)  and  Schuurkes  and  Kok  (^)  suggested  that  sulfate 
reduction  was  inhibited  by  low  pH.  The  new  enclosures  received 
the  same  amounts  of  straw  and  sewage  sludge  as  the  straw  and 
sewage  enclosures,  but  they  also  received  the  same  amount  of 
limestone  added  to  the  lime  enclosure.  As  with  previous 
experiments,  one  enclosure  was  reserved  as  a  controls.  In 
addition,  samples  were  taken  from  the  open  lake  to  control  for 
enclosure  effects. 
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Table ' 6 :  Experiment 
6  m  depth 

Treatment 
Control  (C) 
Lime 

Straw 

Sewage  (Sew) 
Lime+Straw 
(LStraw) 


Lime+Sewage 
(LSew) 


4  -  August  24  to  September  27,  1988  -  6  weeks 


Date  of  Addition 


Open 


8/24 
Nothing 
3.6  kg 
Limestone 
10  kg  Straw 
20  kg  Sludge 
3.6  kg 
Limestone 

+ 
10  kg  Straw 

3.6  kg 
Limestone 

+ 
10  kg  Sludge 


8/31 
Nothing 
1.8  kg 
Limestone 
5  kg  Straw 
10  kg  Sludge 
1.8  kg 
Limestone 

+ 
5  kg  Straw 

1.8  kg 
Limestone 

+ 
5  kg  Sludge 


Open  lake  measurements 


9/7 

Nothing 
.9kg 

Hydrated  Lime 
5  kg  Straw 
10  kg  Sludge 
.9kg 
Hydrated  Lime 

+ 
5  kg  Straw 

.9kg 
Hydrated  Lime 

+ 
5  kg  Sludge 


Results  -  Experiment  4 

In  contrast  to  Experiment  3,  straw  additions  produced  major 
changes  in  water  chemistry  during  Experiment  4.  As  expected, 
standing  stocks  of  net  ANC  increased  in  all  enclosures  to  which 
Ca(0H)2  was  added  (Fig  13).  It  also  increased  in  the  straw 
enclosure  (Fig.  14)  ,  but  the  largest  increase  occurred  where  a 
combination  of  lime  and  straw  were  added  (Fig  13)  . 

The  Wilcoxon  Signed  Rank  Test  shows  the  strong  chemical 
differentiation  among  enclosures  during  experiment  4  (Table  7) . 
Throughout  most  of  the  experiment,  oxygen  was  absent  in  straw 
enclosures  (Fig.  15)  but  present  in  other  enclosures.  Sulfide 
levels  were  high  in  the  two  enclosures  that  were  dosed  with  straw 
(Figs.  16  and  17)  but  not  in  others.  The  sulfide  levels  in  the 
lime/straw  enclosure  were  higher  than  in  the  straw  enclosure. 
Sulfide  was  absent  in  the  sewage  enclosures.  The  pH  rose  to  8 . 0 
in  the  straw  enclosure  even  without  the  addition  of  Ca(OH)  (Fig. 
18)  .  In  the  straw  enclosure,  alkalinity  increased  and  acidity 
declined  to  0  (Figs.  19  and  20) .  In  contrast  with  sulfide, 
sulfate  concentrations  were  unaffected  by  straw  additions  (Figs. 
21  and  22) .  Iron  concentrations  were  a  little  higher  in  the  straw 
enclosures  than  in  the  control  enclosure  (Fig.  23  and  24,  Table 
7) .  Although  lime  additions  reduced  iron  concentrations  in  the 
deep  water  of  the  lime  enclosures  (Fig.  25) ,  the  concentrations 
were  not  significantly  different  from  those  in  the  other 
enclosures  (Table  7).  In  general,  the  deeper  waters  of  the  lime 
and  sewage  enclosures  accumulated  high  concentrations  of  iron 
(Fig.  26)  . 

Aluminum  was  least  affected  by  straw  additions.  It  declined 
where  Ca(OH)^  was  added  and  actually  increased  in  the  presence  of 


39 


15- 

5     '°' 

1      5. 

y 

\ 

ll. 

y/^ 

V 

°       0- 

nf 

la 

1— 

/ 

-VA.'  - 

r 

^^^w               ^ 

H 

-^''^^                       m 

> 
g-10- 

^^^==- 

^^-^-"^^ 

-15- 
-20- 

-, 1                  1 

CONTROL 
UME 

L/SEWAGE 
L/STT?AW 


8/24      8/31        9/7         9/7        9/21       9/29 
SAMPLE  DATES 

Figure  13:  Standing  Stock  of  Net  Acid 
Neutralizing  Capacity  (ANC) 
in  Experiment  4. 
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Figure  14:  Standing  Stock  of  Net  Acid 
Neutralizing  Capacity  (ANC) 
in  Experiment  4. 
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Table  7:  Wilcoxon  Signed  Rank  Test  on  Experiment  #4.  Z  statistics  are  listed. 
*  .05<P<.1  **.01<P<.05  ***P<.01 


Temperature 

pH 

Contr. 

Lime 

L/Sew 

L/Straw 

Sewage 

Straw 

Open 

Contr 

Contr. 

-2.44  ** 

-0.59 

-0.59 

-0.02 

-0.38 

-0.59 

Contr. 

Lime 

-0.84 

-0.92 

-0.94 

-1.33 

-1.88 

Lime 

L/Sew 

-0.91 

-0.36 

-0.42 

-1.13 

L/Sew 

L/Straw 

0 

-1.11 

-1.63 

L/Straw 

Sewage 

-0.04 

-0.59 

Sewage 

Strau 

-0.14 

Straw 

Open 

Open 

Sulfide 

Alkalinity 

Contr. 

Lime 

L/Sew 

L/Straw 

Sewage 

Straw 

Open 

Contr 

Contr. 

-1.46 

-1.46 

-3.18 

*** 

-2.03 

** 

-3.06  *** 

0 

Contr. 

Lime 

-0.14 

-3.1 

*** 

-0.91 

-2.97  *** 

-1.6 

Lime 

L/Sew 

-3.18 

*** 

-0.52 

-2.82  *** 

-1.6 

L/Sew 

L/Straw 

-2.98 

*** 

-2.41  ** 

-3.18 

*** 

L/Straw 

Sewage 

-2.76  *** 

-1.78 

** 

Sewage 

Straw 

-3.06 

*** 

Straw 

Open 

Open 

Oxygen 

Sulfate 

Contr. 

Lime 

L/Sew 

L/Straw 

Sewage 

Straw 

Open 

Contr 

Contr. 

-2.3  ** 

-2.07  *» 

-3.72 

•** 

-3.16 

*** 

-3.72  *** 

-0.02 

Contr. 

Lime 

-0.85 

-3.12 

*** 

-0.5 

-3.2  ** 

-2.59 

*** 

Lime 

L/Sew 

-3.1 

*** 

-0.11 

-3.29  *** 

-2.68 

*** 

L/Sew 

L/Straw 

-3.34 

*** 

-1.24 

-3.59 

*** 

L/Straw 

Sewage 

-3.57  *** 

-2.9 

*** 

Sewage 

Straw 

-5.72 

*** 

Straw 

Open 

Open 

Iron 

Acidity 

Contr. 

Lime 

L/Sew 

L/Straw 

Sewage 

Straw 

Open 

Contr 

Contr. 

-0.05 

-0.19 

-0.46 

-0.72 

-2.44  ** 

-2.6 

*** 

Contr. 

Lime 

-0.73 

-0.32 

-1.16 

-0.02 

-0.37 

Lime 

L/Sew 

-0.15 

-2.24 

** 

-1.11 

-1.37 

L/Sew 

L/Straw 

-0.45 

-0.41 

-1.66 

* 

L/Straw 

Sewage 

-0.07 

-0.33 

Sewage 

Straw 

-1.44 

Straw 

Open 

Open 

Lime 
-3.72  *** 


L/Sew    L/Straw 
-3.21  ***  -3.72  *** 


-3.37  *** 


-2.08  ** 
-3.72  *** 


Sewage 
-0.22 
-3.62  *** 
-3.53  *** 
-3.62  *** 


Lime 
-3.29 


L/Sew    L/Straw 


Sewage 


Straw 
-3.64  *** 
-2.72  *** 
-2.26  ** 
-3.22  *** 
-3.62  *** 


Straw 


Lime 

L/Sew 

L/Straw 

Sewage 

Straw 

0.43 

-0.11 

-0.21 

-0.31 

-1.37 

-1.02 

-0.85 

-0.52 

-1.68 

-0.43 

-0.17 
-0.36 

-0.88 
-1.61 
-1.37 

Lime     L/Sew    L/Straw    Sewage 
-2.95  ***   -2.9  ***  -3.52  ***   -0.7 

-1.36      -1.45      -2.69  *** 

-2.86  ***  -2.96  *** 

-3.57  *** 


Open 
0.1 
-3.72  *** 
-3.27  *** 
-3.72  *** 
-1.26 
-3.72  *** 


Open 


1.34 

-3.62  *** 

0 

-2.36  ** 

0 

3.29  *** 

-3.53  *** 

-3.29  •** 

-0.28 

-3.29  *** 

-3.62  *** 

-1.34 

-2.37 

-1.34 

-3.62  *** 

-3.62  *** 
-2.36  ** 

-3.62  *** 

0 
-2.37  ** 

Open 
-0.06 
-0.46 
-1.07 
-1.04 
-0.37 
-1.53 


Straw 

Open 

-3.1 

*** 

-1.98  ** 

-0.54 

-2.28  ** 

-3.55 

*** 

-2.85  *♦* 

-2.59 

*** 

-3.57  *** 

-2.97 

*** 

-2.5  ** 
-2.45  ** 

Table  7:  Continued 

Zinc 

Manganese 

Contr.  Lime 

L/Sew 

L/Straw 

Sewage 

Straw 

Open 

Contr 

Contr.     -2.58  *** 

-1.22 

-3.68  *** 

-0.92 

-3.24  *** 

-0.15 

Contr. 

Lime 

-2.68 

***  -2.35  ** 

-1.63 

-3.51  *** 

-2.03  ** 

Lime 

L/Sew 

-3.72  *** 

-0.76 

-3.2  *** 

-0.31 

L/Sew 

L/Straw 

-3.36  *** 

-3.62  *** 

-3.42  *** 

L/Straw 

Seuage 

-2.25  ** 

-0.98 

Sewage 

Straw 

-1.57 

Straw 

Open 

Open 

TOTAL  PHOSPHORUS 

.  Aluminum 

Contr.  Lime 

L/Sew 

L/Straw 

Sewage 

Straw 

Open 

Contr 

Contr.     -0.74 

-2.72 

***  -2.84  *** 

-3.05  *** 

-3.12  *** 

-1.78  * 

Contr. 

Lime 

-2.86 

***  -3.31  *** 

-3.52  *** 

-3.41  *** 

-0.28 

Lime 

L/Sew 

-1.76  * 

-2.16  ** 

-1.92  * 

-3.38  *** 

L/Sew 

L/Straw 

-1.56 

-3.05  *** 

-3.21  *** 

L/Straw 

Sewage 

-0.97 

-3.26  *** 

Sewage 

Straw 

-3.35  *** 

Straw 

Open 

Open 

Lime 

L/Sew 

L/Straw 

Sewage 

Straw 

Open 

0.43 

-1.62  * 

-2.76  *** 

-2.66 

*** 

-3.59  *** 

-3.44  *** 

-1.55 

-1.16 

-1.66 

* 

-2.75  *** 

-1.57 

-0.11 

-0.44 
-0.26 

-3.31  *** 
-2.29  ** 
-1.89  * 

-1.35 
-0.66 
-0.74 
-2.34  ** 

Lime     L/Sew    L/Straw     Sewage 

-3.72  ***  -2.28  **   -3.68  ***  -3.72  *** 

-3.64  ***  -3.03  ***  -3.72  *** 

-3.46  ***  -3.36  *** 

-3.72  *** 


Straw 

Open 

-2.55  ** 

-0.72 

-3.64  *** 

-3.72  *** 

-0.63 

-2.68  *** 

-2.94 

-3.72  *** 

-3.72  *** 

-3.44  *** 

-2.8  *** 

8/24         8/31  9/7  9/15         9/21  9/29 

SAkPLlNG  DATE 

Figure  15 :  Variations  in  oxygen  concentrations 
at  3  depths  in  the  straw  enclosure 
during  Experiment  4. 
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Figure  16:  Variations  in  sulfide  concentrations 
at  3  depths  in  the  straw  enclosure 
during  Experiment  4. 
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8/24        8/31 


9/7         9/15 
SAMPLING  DATE 


9/21    9/29 


Figure  17:  Variations  in  sulfide  concentrations 
at  3  depths  in  the  Lime/Straw 
enclosure  during  Experiment  4. 
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Figure  18:  Variations  in  pH  at  3  depths  in  the 
Straw  enclosures  during  Experiment  4, 
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Figure  19:  Variations  in  alkalinity  at  3 
depths  in  the  straw  enclosure 
during  Experiment  4. 
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Figure  20:  Variations  in  acidity  at  3  depths 
in  the  straw  enclosure  during 
experiment  4, 
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Figure   21:    Variations    in  sulfate  at   3   depths 
in  the   Lime/Straw  enclosure 
during  Experiment  4 
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Figure  22:  Variations  in  sulfate  at  3  depths 
in  the  Straw  enclosure  during 
experiment  4. 
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8/24         8/31 


9/7  9/14 

SAMPLING  DATE 


9/21    9/27 


Figure  23:  Variations  in  iron  at  3  depths  in 
the  Straw  enclosure  during 
Experiment  4. 
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Figure  24:  Variations  in  iron  concentrations 
in  the  control  enclosure  during 
Experiment  4. 
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Figure  25:  Variations  in  iron  concentrations 
at  3  depths  in  the  straw  enclosure 
during  Experiment  4. 
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CONTROL   IM. 


LSEW   LSTRAW    SEW     STRAW    OPEN 
TREATMENT 


Figure  26:  Comparisons  of  iron  concentrations 
.  between  treatments  in  Experiment  4 
on  9/15/88,  Numbers  on  columns  are 
depths  in  enclosures. 


CONTROL    UME       LSEW    LSTRAW     ^W     STRAW     OPEN 
TREATMENT 

Figure  27:  Comparisons  of  aluminum  concentrations 
between  treatments  in  Experiment  4  on 
9/15/88,  Numbers  on  columns  are 
depths  in  enclosures. 
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CONTROL   UME      LSEW  LSTRAW    SEW     STRAW    OPEN 
TREATMENT 

Figure  28:  Comparisons  among  zinc  concentrations 
in  Experiment  4  on  9/15/88  Numbers 
on  columns  represent  depths  in 
enclosures . 


CONTROL    LttC       LSEW    LSTRAW    SEW     STRAW     OPEN 
TREATMENT 

Figure  29:  Comparisons  of  manganese  concentrations 
among  treatments  in  Experiment  4  on 
9/15/88.  Numbers  on  columns  represent 
depths  in  experimental  enclosures. 
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sewage  sludge  (Fig.  27)  .  Zinc  was  reduced  by  lime  additions,  but 
seemed  to  be  increased  by  straw  (Fig.  28)  .  The  high  levels  of 
aluminum  in  the  straw  enclosures  approached  those  of  the  open 
lake.   Manganese  was  unaffected  by  any  treatment  (Fig.  29) . 

Because  we  expected  that  the  organic  loading  would  increase 
trophic  status  of  the  test  enclosures,  we  examined  algal 
abundances  during  experiment  4.  The  species  diversity  of 
phytoplankton  in  the  experimental  enclosures  and  in  the  open  lake 
was  very  low.  The  major  species  encountered  were  Chlamydomonas 
acidophila  and  Cryptomonas  erosa  and  Chlorella.  These  have  been 
found  by  other  investigators  in  midwestern  acid  coal  mine  lakes 
(12) .  As  the  straw  enclosures  increased  in  sulfide,  these  species 
were  replaced  by  Schroederia  setiqera. 

The  presence  of  sul fate-reducing  bacteria  was  tested  in 
water  from  the  open  lake  and  from  each  enclosure  at  the  end  of 
experiment  4.  Sediment  from  the  open  lake  and  all  enclosures 
except  those  dosed  with  straw  were  also  tested  for  sul fate- 
reducing  bacteria  at  the  same  time.  Straw  enclosures  were 
excluded  because  the  straw  on  the  lake  sediment  prevented  us  from 
taking  an  adequate  sediment  sample. 

The  API  Sulfate  Broth  Test  showed  that  sul fate-reducers  were 
present  in  the  water  and  sediment  of  all  tested  enclosures.  The 
bacteria  were  also  present  in  the  open  lake  sediment  but  not  in 
the  open  lake  water. 

Discussion  -  Experiment  4 

To  test  the  hypotheses  generated  by  Experiment  3 ,  we  changed 
the  experimental  design  for  Experiment  4.  We  discontinued  the 
phosphate  enclosure  and  one  of  the  control  enclosures.  For 
Experiment  4  we  constructed  pairs  of  organically  loaded 
enclosures,  one  with  lime  and  the  other  without  lime.  The 
resulting  combinations  of  additives  were  straw,  lime/straw, 
sewage,  and  lime/sewage.  An  enclosure  with  lime  only  and  a 
control  enclosure  were  used  to  control  for  liming  effects  and  for 
enclosure  effects.  These  combinations  were  designed  to  test  the 
hypothesis  that  low  pH  inhibits  sulfate  reducing  bacteria.  If 
such  inhibition  is  important,  then  sulfide  levels  would  be  higher 
in  enclosures  with  lime  and  organic  matter  than  in  those  with 
organic  matter  alone. 

We  eliminated  the  possibility  that  our  organic  matter 
addition  rates  were  too  low  by  adding  large  amounts  of  material 
at  weekly  intervals  until  sulfide  was  produced.  Small  amounts  of 
sulfide  became  detectable  by  the  end  of  the  second  week  of  the 
experiment  (September  7) . 

Sulfate  reduction  occurred  in  all  enclosures  that  received 
straw  additions.  No  sulfide  appeared  in  the  sewage  enclosures. 
Apparently,   as   in  experiment  2,   the  sewage  addition  was  too 
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stable  to  support  sulfate  reducing  bacteria. 

For  sulfate  reduction  to  occur  conditions  must  be  anaerobic. 
The  oxygen  concentrations  in  the  straw  enclosures  declined  to  0 
as  sulfate  reduction  began.  As  expected,  the  appearance  of 
sulfide  was  accompanied  by  increases  in  pH  and  alkalinity.  The 
pH  rose  to  approximately  the  level  expected  if  H_S  was 
functioning  as  a  buffer  (the  pK  for  the  first  dissociation  of 
H2S  is  6.95) .  The  sulfide  present  in  the  water  column  also 
produced  alkalinity.  The  raised  pH  also  caused  the  precipitation 
of  aluminum.  Zinc  levels  declined,  probably  as  a  result  of  the 
production  of  zinc  sulfide. 

A  few  consequences  of  the  sulfide  production  that  we  expected 
did  not  occur.  There  was  no  large  loss  of  iron  or  manganese  from 
the  water  column.  Where  there  are  high  concentrations  of  sulfide 
one  would  expect  ^^e  precipitation  of  Fe  as  sulfide.  High  pH 
should  remove  Mn  from  solution.  Our  iron  and  manganese 
analyses  show  no  evidence  of  this  loss.  When  samples  were 
removed  from  the  enclosures,  however,  a  black  precipitate  formed 
in  about  30  minutes.  Stahl  (36)  noted  a  similar  precipitation  in 
his  studies  of  an  or^^nically^^oaded  alkaline  surface  mine  lake. 
It  appears  that  Fe  and  Mn  are  held  in  solution  by  some 
process  that  we  don't  yet  understand. 

Sulfate  concentrations  also  remained  unchanged  by  the 
additions  of  straw  even  when  sulfide  levels_  were  quite  high. 
When  the  molar  concentrations  of  S  and  SQ .  ~  are  examined  it  is 
clear  that  even  at  high  sulfide  levels  (30  mg/1  =  .93  mmolar)  the 
amount  of  sulfide  is  only  a  fraction  of  the  sulfate  (2,000  mg/1  = 
20.8  mmolar).  Only  about  5%  of  the  standing  stock  of  sulfate  is 
reduced  to  sulfide.  Our, experimental  error  in  the  determination 
of  sulfate  is  +  24%  (Table  1)  so  it  is  unlikely  that  we  would  be 
able  to  detect  the  loss  of  the  small  amount  of  sulfate  that  is 
reduced  to  sulfide. 

Our  tests  for  the  presence  of  sul fate-reducing  bacteria 
showed  that  all  enclosures  and  all  lake  sediment  had  sulfate- 
reducers.  Only  the  open  lake  water  lacked  them.  Thus  sulfate 
reduction  is  unlikely  to  be  limited  by  the  lack  of  organisms. 

Our  counts  of  phytoplankton  in  experiment  4  showed  that 
there  was  no  evidence  of  algal  blooms  caused  by  organic 
additions.  The  open  lake  and  the  control  enclosure  contained  a 
species-poor  phytoplankton  community  indicative  of  acid 
conditions.  It  included  species  found  in  other  midwestern 
surface  mine  lakes  (12) .  In  the  enclosures  that  received  straw 
additions,  Schroderia  setiqera  soon  replaced  the  acidophiles. 
Schroederia  appears  to  be  resistant  to  the  toxic  effects  of  H_S. 
In  summary,  there  is  no  evidence  that  organic  treatments  produce 
algal  blooms. 

The  addition  of  lime  to  the  straw  enclosures  seemed  to 
enhance   sulfate   reduction  as  Schuurkes  and  Kok  (32^)   suggested. 
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The  lime/straw  enclosure  had  higher  sulfide  levels  than  the  straw 
enclosure  and  higher  alkalinity  than  the  lime  enclosure.  Thus, 
sulfate  reducing  bacteria  were  probably  inhibited  by  low  pH. 

If  sulfate  reduction  is  limited  by  low  pH,  how  can  sulfate 
reduction  occur  in  the  straw  enclosure  where  no  lime  was  added? 
Sulfate  reduction  could  continue  at  low  rates  under  acidic 
conditions  in  the  straw  enclosure  until  the  accumulation  of  H_S 
raises  pH  enough  to  allow  faster  reduction  rates.  Liming  may 
allow  the  higher  rates  to  prevail  from  the  beginning. 

An  alternative  explanation  for  the  higher  sulfide  levels  in 
the  lime-dosed  enclosures  is_that  th^  higher  pH  kept  more  of  the 
sulfide  in  solution  as  HS  and  S  .  The  lower  pH  of  the 
enclosures  without  lime  would  allow  more  sulfide  to  remain  as 
H_S.  The  H_S  could  outgas  from  the  enclosure.  At  this  time  we 
have  no  way  to  differentiate  between  the  hypothesis  that  higher 
pH  caused  higher  rates  of  sulfide  production  and  the  hypothesis 
that  it  caused  better  retention  of  sulfide  in  the  water  column. 


Experiment  5  -  4/4/89  to  6/13/89 

Purpose 

Because  of  the  success  of  experiment  4  in  demonstrating 
sulfate  reduction,  we  hypothesized  that  improvements  in 
neutralization  might  occur  if  the  organic  matter  (straw)  were 
trapped  near  the  sediment/water  interface  at  the  bottom  of  the 
enclosures.  We  tested  our  hypothesis  by  sinking  mesh  bags  of 
straw  to  the  bottom  of  the  test  enclosures. 

Additives  -  Experiment  5  (Table  8) 

Organic  matter  additions  to  experiment  5  consisted  of  9  kg 
quantities  of  straw.  In  deep  straw  and  deep  lime  straw 
enclosures,  the  straw  was  added  in  mesh  bags  which  were  weighted 
to  sink  to  the  bottom  of  the  enclosures.  Unfortunately,  because 
of  the  bouyancy  of  straw,  the  bags  did  not  sink  until  the  second 
week  of  the  experiment  (4/11) .  The  bags  were  used  to  test 
whether  results  could  be  improved  by  trapping  straw  close  to  the 
sediment/water  interface  where  dissimilatory  sulfate  reduction  is 
expected  to  be  vigorous. 

Straw  was  added  directly  to  the  straw  and  lime  straw 
enclosures  without  mesh  bags.  This  straw  floated  in  the 
enclosures  until  4/11.  It  then  sank  to  produce  aim  thick 
layer  of  decomposing  straw  at  the  bottoms  of  the  enclosures. 

Lime,  lime  straw,  and  deep  lime  straw  enclosures  all 
received  CaCO  treatments  as  1.3  kg  of  chalk  mixed  with  .7  kg  of 
agricultural  lime.  These  additions  were  done  to  test  whether 
circumneutral  pH  was  necessary  to  produce  maximal   rates  of 
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dissimilatory  sulfate  reduction. 


Table  8:  Experiment  #5 
-3m  depth 


Treatment 
Control 
Lime 


-  April  4  to  June  13,  1989  -  10  weeks 


Straw 
Lime/Straw 


Deep  Straw 


Deep  Lime/Straw 


Open  Lake 


Date  of  Addition 
4/4 
Nothing 
Nothing 


9  kg  Straw 
9  kg  Straw 


9  kg  Straw  in 
a  mesh  bag  at 
bottom  of  enclosure 
9  kg  Straw  in 
a  mesh  bag  at 
bottom  of  enclosure 


4/11 
Nothing 
1.3  kg  Chalk 
+ 

. 7  kg  Limestone 
Nothing 
1.3  kg  Chalk 
+ 

.7  kg  Limestone 
Nothing 


1.3  kg  Chalk 
+ 
. 7  kg  Limestone 


Open  Lake  measurements 


Results  -  Experiment  5 

When  the  plot  of  Standing  stock  of  net  ANC  for  Experiment  5 
is  examined,  it  is  apparent  that  every  treatment  in  experiment  5 
generated  acid  neutralizing  capacity  (Figs.  30  and  31) .  The  most 
ANC  was  generated  by  the  deep  lime/straw  treatment  in  which  straw 
was  held  near  the  sediment  surface  and  a  mixture  of  chalk  and 
limestone  was  applied  to  the  enclosure. 

When  the  Wilcoxon  Signed  Rank  Test  results  are  examined,  the 
chemical  differentiation  among  treatments  becomes  clearer  (Table 
9) .   Sulfide  appeared  in  all  straw-dosed  enclosures  (Figs.  32  and 
33) .  A  small  amount  of  sulfide  was  also  present  in  the  bottom 
layers  of  the  control  enclosure  and  in  the  open  lake  (Figs.  34 
and  35) .   This  bottom  layer  was  anaerobic  and  high  in  dissolved 
solids. 

The  pH  increased  in  all  enclosures,  but  pH  in  lime  and 
lime/straw  enclosures  were  not  significantly  different  from  one 
another  (Table  9  and  Fig.  36) .  Alkalinity  rose  in  all  treatment 
enclosures  but  remained  0  in  the  open  lake  and  in  the  control 
enclosure  (Fig.  37) .  Acidity  declined  and  disappeared  entirely 
in  all  of  the  lime-dosed  enclosures  and  in  the  straw  enclosure 
(Figs.  38  to  42) .  Acidity  remained  unchanged  in  the  open  lake 
(Fig.  43) .  As  with  the  other  experiments,  sulfate  levels  were 
mostly  unchanged  by  the  treatments  of  experiment  5  (Fig.  44) . 
The  deep  layers  of  the  enclosures  were  higher  in  sulfate  and 
aluminum  than  the  more  shallow  layers  (Fig.  44  and  45)  .  Aluminum 
declined  in  all  enclosures  in  which  pH  rose. 
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4/4        4/18        5/1         5/15       5/30        6/13 
4/11        4/25        5/8        5/23         6/6 
SAMPLING  DATES 

Figure  30:  Standing  Stock  of  Net  Acid 

Neutralizing  Capacity  (ANC)  in 
Experiment  5. 


CONTROL 
DEEP  STRAW 
DEEP  UME  STRAW 
OPEN 


4/4       4/18       5/1       5/15      5/30      6/13 
4/11      4/25       5/8      5/23       6/6 
SAMPLING  DATES 

Figure  31  :  Standing  Stock  of  Net  Acid 
Neutralizing  Capacity  (ANC) 
in  Experiment  5 . 
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Table  9:  Uilcoxon  Signed  Rank  Test  on  Experiment  #5.  Z  statistics  are  listed. 
*  .05<P<.1  **.01<P<.05  ***P<.01 


U1 
0\ 


Temperature 

Contr. 

Lime 

Straw 

LStraw 

DeepStraw 

DLStraw 

Contr. 

-1 

-1.69 

* 

-1.76 

* 

-0.11 

-0.44 

Lime 

-0.28 

-0.75 

-1.11 

-1.23 

Straw 

-1.38 

-1.83 

-1.2 

LstraH 

-2.51  ** 

-1.97  ** 

DeepStraw 

-0.19 

DLStraw 

Open 

Sulfide 

Contr. 

Lime 

Straw 

LStraw 

DeepStraw 

DLStraw 

Cent  r . 

-0.15 

-4.3 

*** 

-3.21 

*t* 

-2.42  ** 

-4.56  *** 

Lime 

-4.22 

*** 

-3.25 

*** 

-3.01  *** 

-4.4  *** 

Straw 

-2.98 

*** 

-2.98  *** 

-1.65  * 

Lstraw 

-1.37 

-2.57  ** 

DeepStraw 

-3.55  *** 

OLStraw 

Open 

Oxygen 

Contr. 

Lime 

Straw 

LStraw 

DeepStraw 

DLStraw 

Contr. 

-0.75 

-4.25 

•*** 

-3.57 

AAA 

-3.89  *** 

-4.32  *** 

Lime 

-4.32 

*** 

-3.92 

*** 

-4.25  *** 

-4.38  *** 

Straw 

-279 

*** 

-3.32  *** 

-1.58 

Lstraw 

-0.56 

-2.93  *** 

DeepStraw 

-3.66  *** 

DLStraw 

Open 

Iron 

Contr. 

Lime 

Straw 

LStraw 

DeepStraw 

DLStraw 

Contr. 

-4.01  *** 

-1.1 

-0.51 

-0.79 

-0.9 

Lime 

-3.37 

*** 

-1.59 

-1.89  * 

-1.19 

Straw 

-3.37 

*** 

-2.96  *** 

-4.23  *** 

Lstraw 

-0.46 

-0.49 

DeepStraw 

-0.61 

DLStraw 

Open 

Open 
-0.37 
-2.03  ** 
-2.02  ** 
-2.22  ** 
-1.33 
-0.89 


Open 
-1.36 
-2.27 
-4.32 
-3.22 
-1.61 
-4.75 


Open 
-0.59 
-1.69  * 
-4.63  *** 
-3.95  *** 
-4.13  *** 
-4.49  *** 


Open 
-1.79 
-4.89  *** 
-0.75 

-1.4 
-2.21  ** 
-0.72 


pH 

Contr. 
Contr. 
Lime 
Straw 
Lstraw 
DeepStraw 
DLStraw 
Open 

Alkalinity 
Contr. 
Contr. 
Lime 
Straw 
Lstraw 
DeepStraw 
DLStraw 
Open 

Sulfate 

Contr. 
Contr. 
Lime 
Straw 
Lstraw 
DeepStraw 
DLStraw 
Open 

Acidity 

Contr. 
Contr. 
Lime 
Straw 
Lstraw 
DeepStraw 
DLStraw 
Open 


Lime 

Straw 

LStraw 

DeepStraw  DLStraw 

Open 

5.01  *** 

-4.89  *•* 

-5.01  *** 

-4.99  *** 

-4.99  *** 

-2.93  *** 

-2.56  ** 

-1.13 

-4.3  *** 

-3.58  *** 

-4.72  *** 

-3.25  *** 

-2.7  *** 

-4.85  *** 

-4.64  *** 

-4.88  *** 

-3.85  *** 
-4.95  *** 

-4.96  *** 
-4.29  *** 
-4.99  *** 

Lime 
-4.2  *** 


Straw 
-4.01  *** 
-2.27  ** 


LStraw    DeepStraw  OLStraw 


-4.37  *** 
-2.66  *** 
-3.54  *** 


-2.52  ** 

-4.01  *** 

-3.68  *** 

-4.37  *** 


-4.78  *** 
-4.66  *** 
-4.78  *** 
-3.51  *** 
-4.78  *** 


Lime 
-0.17 


Straw 
-1.48 
-1.62 


LStraw    DeepStraw  DLStraw 


-1.33 

-t.'6 

-0.11 


-1.27 
-1.21 
■1.33 
-1.08 


Lime      Straw 
-4.23  ***  -1.87  * 

-3.55  *** 


Open 
0 

-4.2  *** 

-4.01  *** 

-4.37  *** 

-2.52  ** 

-4.78  *** 


traw 

Open 

2.53  ** 

-2.23  ** 

3.06  *** 

-1.88  * 

1.94  * 

-2.87  *** 

2.36  ** 

-2.7  *** 

2.52  ** 

-2.08  ** 

-3.59  *** 

LStraw    0 

eepStraw  D 

LStraw 

Open 

-/,_/,<)  *** 

-3.44  *** 

-4.99  *** 

-1.00 

0 

-2.84  ** 

-1.63  *** 

-4.22  *** 

-4.11  *** 

-3.1  *** 

-4.57  *** 

-0.41 

-3.05  *** 

-2.28  ** 

-3.82  *** 

-4.51  *** 

-2.92  *** 
-4.99  *** 

Lime 
-4.6  *** 


Table  9:  Contiued 
Zinc 

Contr 
Contr. 
Lime 
Straw 
Lstraw 
DeepStraw 
DLStraw 
Open 


Straw 

•4.17 

-0.8 


LStraw   DeepStraw  DLStraw 


-5.01  *** 

-3.87  *** 

-3.2  *** 


-4.64  *** 
-0.82 
-0.73 
-4.15  *** 


-4.76  *** 

-2.74  *** 

-3.28  *** 
-1.14 

-4.52  *** 


Open 
-2.14  ** 
-3.22  *** 

-2.4  ** 
-4.61  *** 
-2.03  ** 
-4.01  *** 


Manganese 

Contr. 
Contr. 
Lime 
Straw 
Lstraw 
DeepStraw 
DLStraw 
Open 


Lime 
-0.92 


Straw 
-0.24 
-1.15 


LStraw    DeepStraw  DLStraw 


Open 


2.77  *** 

-2.27  ** 

-1.66 

* 

-0.14 

1.54 

-2.64  *** 

-1.8 

* 

-0.54 

2.74  *** 

-2.39  ** 

-3.99 

*** 

-0.17 

-0.39 

-0.67 
-1.05 

-1.22 
-1.01 

-0.69 

(Jl 


Cadmium 

Contr.  Lime 
Contr.     -1.37 
Lime 
Straw 
Lstraw 
DeepStraw 
DLStraw 
Open 


Straw 

-2.14  **   -0.43 

-0.49     -0.93 

-1.47 


LStraw   DeepStraw  DLStraw 


-0.25 
-2.16  ** 
-1.59 
-0.27 


-1.53 
-0.28 
-0.11 
-1.00 
-1.41 


Open 
-1.74  * 
-0.15 
-0.21 
-0.84 
-0.72 
-0.36 


Aluminun 

Contr. 
Contr. 
Lime 
Straw 
Lstraw 
DeepStraw 
DLStraw 
Open 


Lime     Straw    LStraw 
-4.95  ***  -4.42  ***   -4.6  *** 
-3.48  ***  -0.49 

-4.24  *** 


DeepStraw    DLStraw 

Open 

-4.71   *** 

-5.01  *** 

-0.85 

-4.19  *** 

-0.65 

-4.87  *** 

-0.94 

-4.44  *** 

-4.1   *** 

-4.46  *** 

-1.03 

-4.6  *•* 

-4.94  *** 

-3.21  *** 
-4.94  *** 

4/4         4/18         5/1  5/16        5/30  6/13 

4/11        4/25         5/8  5/23         6/6 


Figure   32 :   Variations   in  sulfide  concentrations 
■  at   3   depths   in  the   straw  enclosure 
during  experiment   5. 
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Figure  33 :    Variations   in  sulfide   concentrations 
at   3    depths    in  the   Lime/Straw 
enclosure  during  Experiment  5. 
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4/4         4/18         5/1  5/16        5/30         6/13 

4/11        4/25         5/8  5/23         6/6 

SAMPUNG  DATE 

Figure  34 ;   Variations    in  sulfide   concentrations 
in  the   control   enclosure   during 
Experiment   5 . 
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Figure   35 :    variations    in  sulfide  concentrations 
in   the   open   lake   during  Experiment   5 . 
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Figure  36:  Comparisons  of  pH  among  treatments  in 
.  Experiment  5  on  4/18/89.  Numbers  on 
columns  are  depths  in  enclosures. 
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Figure  37:  Comparisons  of  alkalinity  among 

treatments  in  Experiment  5  on  4/18/89. 
Ninnbers  on  columns  are  depths  in 
enclosures. 
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Figure  38:  Variations  in  acidity  at  3  depths  in 

the  Lime  enclosure  during  Experiment  5, 
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Figure  39:  Variations  in  acidity  at  3  depths 
in  the  lime/straw  enclosure 
during  experiment  5. 
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Figure  40:  Variations  in  acidity  at  3  depths 
in  the  deep  lime/straw  enclosure 
during  experiment  5. 
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Figure  41:  Variations  in  acidity  at  3  depths 
xn  the  straw  enclosure  during 
Experiment  5. 
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Figure  42:  Variations  in  acidity  of  the  control 
enclosure  during  Experiment  5. 
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Figure  43:  Variations  in  the  acidity  of  the 
open  lake  during  Experiment  5. 
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Figure  44:  Comparisons  of  sulfate  concentrations 
among  treatments  in  Experiment  5  on 
4/18/89.  Niombers  on  columns  are  depths 
in  the  enclostire. 
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Figure  45:    Comparisons   of  aluminum  concentrations 
among  treatments    in  Experiment   5    on 
4/18/89.    Numbers   on  columns   are   depths 
in     the  enclosures. 


64 


As  in  experiment  4,  iron  concentrations  were  greater  than 
100  mg/l  in  the  deepest  parts  of  the  enclosures  (Fig.  46) .  For 
the  sake  of  clarity,  these  levels  will  not  be  depicted  on  the 
graphs  of  iron  concentration  (Figs.  47  to  50)  .  Lime  additions 
caused  sharp  declines  of  iron  (Fig.  47)  which  made  the  concentra- 
tions significantly  lower  in  the  lime  enclosures  than  in  the 
control  and  straw  enclosures  (Table  9) .  Control  concentrations 
also  declined  (Fig.  48) ,  but  not  as  much  as  in  the  lime  enclosure 
(Fig.  47) .  Straw  additions  actually  increased  iron  concentrations 
(Fig.  49) ,  but  the  difference  between  the  straw  enclosure  and  the 
control  was  not  significant  (Table  9) .  The  lime/straw  enclosure 
(Fig.  49)  had  an  iron  concentration  intermediate  between  the 
control  and  lime  enclosures.  It  was  not  significantly  different 
from  either  of  these.  (Table  9) . 

Secchi  disc  depths  were  very  shallow  (.5m  or  less)  in 
enclosures  dosed  with  straw  (Figs  51  and  52) .  These  enclosures 
had  black,  extremely  turbid  water  (probably  with  some  FeS  -  in 
suspension)  .  The  control  and  lime  enclosures  and  the  open  lake 
had  deeper  Secchi  disc  depths  (1  to  2  m) . 

Discussion  -  Experiment  5 

In  this  experiment  we  tested  straw  as  a  source  of  organic 
matter  for  the  neutralization  process.  Because  the  lake  sediment 
is  likely  to  be  the  site  of  sulfate  reduction,  we  tested  whether 
neutralization  might  be  enhanced  if  we  kept  the  straw  at  the 
bottom  of  the  enclosure  near  the  sediment/water  interface. 

We  also  lengthened  the  experiment  to  determine  if  the 
neutralization  produced  by  organic  additions  could  persist. 

As  in  Experiment  4,  sulfate  reduction  occurred  in  all 
enclosures  that  were  treated  with  straw.  The  results  were 
similar.  Sulfate  reduction  occurred  where  oxygen  levels  were 
low.  Reduction  of  sulfate  caused  increases  in  pH  and  in 
alkalinity.   Aluminum  declined  but  iron  and  manganese  did  not. 

Experiment  5  shows  even  more  clearly  that  a  combination  of 
lime  and  straw  is  more  likely  to  result  in  long-term 
neutralization.  The  deep  lime/ straw  enclosure  had  acid 
neutralizing  capacity  for  the  whole  period  of  the  experiment. 
Unfortunately,  the  enclosure  was  also  anaerobic  for  the  whole 
time.  This  result  means  that  although  the  organic  additions  can 
cause  neutralization,  they  also  make  the  water  column 
uninhabitable  for  multicellular  organisms. 

Experiment  6  -  7/20/89  to  9/27/89 
Purpose 

In  experiment  6  we  tried  to  test  different  loading  rates  to 
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Figure  45:  Comparisons  of  iron  concentrations 
among  treatments  in  Experiment  5  on 
5/9/89.  Numbers  on  columns  represent 
the  sampling  depths  in  the  experimental 
enclosures. 


66 


4/4  4/18  5/1  5/16  5/30  6/13 

4/11  4/25  5/8  5/23  6/6 

SAMPLING  DATE 

Figure  47:  Variations  in  iron  concentrations 
at  2  depths  in  the  lime  enclosure 
during  Experiment  5, 
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Figure  48:  Variations  in  iron  concentrations 
at  2  depths  in  the  control 
enclosir  e  during  Experiment  6. 
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V4  4/18  5/1  5/16  5/30  6/13 

4/11  4/25  5/8  5/23  6/6 
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Figure  ,49:  Variations  in  iron  concentrations 
at  2  depths  in  the  Lime/Straw 
enclosure  during  Experiment  5. 
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Figure  50:  Variations  in  iron  concentrations  at 
2  depths  in  the  straw  enclosiire 
during  Experiment  5. 
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Figure  51 :  Variations  in  Secchi  disc 

transparency  in  experimental 
enclosures  during  Experiment  5. 
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Figure  52;  Variations  in  Secchi  disc 

transparency  in  experimental 
enclosures  during  Experiment  5 , 
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determine  how  neutralization  varied  with  different  amounts  of 
organic  matter  additive. 

Additives  -  Experiment  6  (Table  10) 

In  experiment  6  we  added  different  amounts  of  wheat  straw  to 
the  enclosures  as  a  source  of  organic  matter.  One  enclosure  was 
reserved  as  a  control  and  had  no  organic  additives.  Straw  was 
added  as  fractions  of  a  15  kg  bale.  The  amount  of  straw  added  to 
each  enclosure  is  summarized  in  Table  10. 

Table  10:  Experiment  #6  -  July  20,  to  September  27,  1989  -  10  weeks 
3m  depth 

Date  of  Addition 
Treatment  7/20 

Control  Nothing  added 

3/4  3/4  bale  -  11.25  Kg  straw 

1/2  1/2  bale  -  7.50  Kg  straw 

3/8  3/8  bale  -   5.63  Kg  Straw 

1/4  .  1/4  bale  -   3.75  Kg  straw 

1/8  1/8  bale  -  1.88  Kg  straw 

Open  Lake  Open  Lake  measurements 

Results  -  Experiment  6 

The  purpose  of  experiment  6  was  to  test  how  different 
organic  matter  loading  rates  would  affect  the  neutralization 
process.  Different  loading  rates  resulted  in  different  amounts 
of  ANC  being  generated  in  each  enclosure.  Higher  loading  rates 
resulted  in  more  ANC  generation  and  longer  durations  of 
neutralization  (Figs.  53  and  54)  .  The  3/4  bale  enclosure  was  an 
exception  to  this  observation.  At  the  end  of  the  experiment  we 
learned  that  this  enclosure  had  been  improperly  installed  so  that 
the  bottom  was  open  to  the  lake  rather  than  being  sunk  in  the 
mud.  Results  from  this  enclosure  are,  therefore,  suspect. 
Enclosures  with  low  organic  matter  dosage  (1/4  and  1/8  bale) 
showed  no  generation  of  acid  neutralizing  capacity. 

The  Wilcoxon  Signed  Rank  Test  shows  the  differentiation 
among  enclosures  that  results  from  different  organic  matter 
loading  rates.  A  few  ions,  like  iron,  manganese  and  sulfate 
remained  unchanged  by  any  treatment  (Table  11) . 

In  contrast,  a  number  of  other  chemical  variables  changed 
along  with  ANC.  In  the  enclosures  receiving  the  heaviest  organic 
matter  loadings,  oxygen  and  acidity  declined  (Figs.  55  and  56)  as 
sulfide,  pH,  and  alkalinity  rose  (Figs.  57  to  59)  .  Among  the 
metal  ions,  only  aluminum  and  zinc  declined  (Figs.  60  and  61)  . 
It  is  not  clear  why  the  measurements  were  elevated  in  the  control 
enclosure  (Fig.  61) . 
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Figure  53:  Standing  Stock  of  Net  Acid 

Neutralizing  Capacity  (ANC)  in 
Experiment  6. 
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Table  11:  Wtlcoxon  Signed  Rank  Test  on  Experiment  #6.  Z  statistics  are  listed. 
*  .05<P<.1  **.01<P<.05  ***P<.01 


Temperature 
Contr. 
Contr. 

3/4 

1/2 

3/8 

1/4 

1/8 
Open 


3/4 
1.5 


1/2 

3/8 

1/4 

0.46 

-0.46 

-0.09 

-1.7  * 

-2.05  ** 

-0.8 

-0.68 

-0.66 
-0.28 

1/8 

-1.3 

-0.67 

-1.42 

1.57 

-1.78 


Open 
-0.89 
-0.68 
-0.99 
-1.17 
-1.56 
-0.59 


pH 

Contr. 

3/4 

1/2 

3/8 

1/4 

1/8 
Open 


Contr. 


3/4 

1/2 

3/8 

1/4 

1/8 

Open 

4.22  *** 

-4.44  *** 

-4.22  *** 

-3.81  *** 

-3.18  *** 

-4.62  *** 

-2.31  ** 

-1.76  * 

-2.43  ** 

-4.11  *** 

-2.7  *** 

-2.81  *** 

-3.05  *** 

-4.35  *** 

-4.03  *** 

-2.94  *** 

-4.13  *** 
-3.19  *** 

-3.47  *** 

-1.44 

-0.73 

«4 
to 


Sulfide 

Contr. 
Contr. 

3/4 

1/2 

3/8 

1/4 

1/8 
Open 

Oxygen 

Contr. 
Contr. 

3/4 

1/Z 

3/8 

1/4 

1/8 
Open 


3/4 
-2.6  *** 


3/4 
-4.62  *** 


1/2 
-4.01  *** 
-1.02 


1/2 
-4.88  *** 
-0.07 


3/8 
-0.35  *** 
-0.16 
-2.29  ** 


3/8 

-4  92  *** 

-0.54 

-1.36 


1/4 
-2.35  ** 

-2.6  *** 
-3.63  *** 
-3.15  *** 


1/4 

-4.88  *** 

.3_^  *** 

-3.6  *** 

-3.82  *** 


1/8 

-2.05  ** 

-2.8  *** 

-4.01  *** 

-3.52  *** 

-2.93  *** 


1/8 

-4.17  *** 

-3.6  *** 

-3.74  *** 

-4.02  *** 

-3.1  *** 


Open 
-1.05 
-2.35  ** 
-3.71  *** 
-3.25  *** 
-1.98  ** 
-0.94 


Open 

-2.22  ** 

.47  *** 

-4.91  *** 

-4.99  *** 

-4.96  *** 

-4.77  *** 


Alkalinity 

Contr. 
Contr. 

3/4 

1/2 

3/8 

1/4 

1/8 
Open 


3/4 
-2.52 


Sulfate 


Contr. 


Contr. 

3/4 

1/Z 

3/8 

1/4 

1/8 
Open 


3/4 
-0.52 


1/2 

3/8 

1/4 

1/8 

Open 

3.72  *** 

-3.73  *** 

-2.67  *'* 

-1.34 

0 

2.48  *** 

-1.48 

-2.42  * 

2.52  * 

-2.52  * 

-3.42  *** 

-3.54  *** 

-3.72  *** 

-3.72  *** 

-3.72  *** 

-3.72  *** 
-2.67  *** 

-3.72  *** 
-2.66  *** 
-1.34 

1/2 
-1.63 
-0.87 


3/8 
-1.45 
-1.06 
-0.57 


1/4 

1/8 

-1.3 

-0.65 

2.07  ** 

-0.87 

0.26 

-0.76 

0.38 

-0.57 

-1.23 

Open 
-0.13 
-0.62 
-1.42 

-1.7 
-1.12 
-0.86 


Iron 


Contr. 

3/4 

1/2 

Contr. 

-3.09  *** 

-1.45 

3/4 

-2.31 

1/2 

3/8 

1/4 

1/8 

Open 

3/8 
-1.82 
-1.85 
•1.33 


1/4 
-2.25 
-2.17 
-0.34 
-0.66 


1/8 
■2.39 
-1.01 
-0.3 
-0.36 
-0.03 


Open 
-2.48  ** 
-1.26 
-0.22 
-0.13 
-1.05 
-0.94 


Acidity 

Contr. 

3/4 

1/2 

3/8 

1/4 

1/8 
Open 


Contr. 


3/4 
-1.48 


1/2 
-2.82  *** 
2.32  ** 


3/8 
-2.48 
-0.89 
-2.06 


1/4 

1/8 

Open 

2.56  ** 

-0.84 

-2.01  ** 

0.87 

-2.61  *** 

-0.3 

2.07  ** 

-3.62  *** 

-2.52  ** 

0.69 

-3.01  *** 

-1.72  ** 

-3.48  *•* 

=  0.53 
-1.38 

Table  11:  Continued 

Zinc 

Manganese 

Contr.  3/4 

1/2 

3/8 

1/4 

1/8 

Open 

Contr. 

3/4 

1/2 

3/8 

1/4 

1/8 

Open 

Contr.     -3.22  *** 

-3.87  •** 

-2.99  *** 

-2.32  ** 

-2.49  ** 

-3.45 

*** 

Contr. 

-1.83  * 

-1.31 

-0.88 

-1.26 
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Figure  55 : Comparisons  of  oxygen  concentrations 
among  treatments  in  Experiment  6  on 
August  1,  1989  Numbers  on  columns 
are  depths  in  enclosures. 
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Figure  56:  Comparisons  of  acidity  among 

treatments  in  Experiment  6  on 

August  1,  1989.  Numbers  on  columns 

represent  depths  in  the  enclosures, 
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Figure  57;  Comparisons  of  sulfide  concentrations 
among  treatments  in  Experiment  6  on 
8/1/89.  Numbers  on  columns  are  depths 
in  enclosures. 
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Figure  58:  Comparisons  of  pH  among  treatments  in 
Experiment  6  on  8/1/89.  Numbers  on 
columns  represent  depths  in  the 
experimental  enclosure . 
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Fxgure  59:  Comparisons  of  alkalinity  among 
treatments  during  Experiment  6 
on  8/1/89.  Numbers  on  columns 
are  depths  in  enclosures. 
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Figure    50:    Comparisons   of  aluminum  concentrations 
among  treatments    in  Experiment  6  on 
8/1/89.    Numbers   on  columns   represent ' 
sample  depths   in  the  experimental 
enclosures . 
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Figure    61:    Comparisons   of  zinc   concentrations 
among  treatments    in  Experiment  6  on 
8/1/89.    Numbers   on   coliomns   are   depth 
in   the   experimental   enclosures. 
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Figure  62  ;  Variations  in  Secchi  disc 
transparency  in  enclosures 
during  Experiment  6. 
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Figure  63 ;  Variations  in  Secchi  disc 
transparency  in  enclosures 
during  Experiment  6. 
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Figure  64 :  Comparisons  between  amounts  of 
straw  added  to  an  enclousre  and 
the  maximum  amount  of  Acid 
Neutralizing  Capacity  generated. 
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Secchi  disc  depths  were  shallow  in  the  enclosures  that 
received  larger  loadings  of  straw  (Figs.  62  and  63)  .  As  with 
experiment  5,  the  added  straw  produced  dark,  turbid  water. 
Enclosures  with  smaller  amounts  of  straw  were  as  clear  as  the 
control  enclosure  and  the  open  lake.  The  turbidity  of  the 
enclosures  declined  during  the  course  of  the  experiment. 

Discussion  -  Experiment  6 

In  this  experiment  we  tried  to  estimate  the  amount  of  straw 
needed  to  produce  a  certain  amount  of  ANC.  Such  an  estimate 
would  be  valuable  to  reclamationists  in  the  application  of  our 
ideas . 

The  maximum  ANC  produced  in  an  enclosure  was  graphed  against 
the  weight  of  straw  added  to  the  enclosure  (Fig.  64) .  There 
appears  to  be  a  linear  relationship  between  ANC  and  weight  of 
straw  added.  The  3/4  bale  enclosure  represents  an  exception  to 
linearity  but  at  the  end  of  the  experiment  we  found  that  this 
enclosure  had  come  lose  from  the  sediment  allowing  acidic  water 
to  enter.  Thus,  only  the  1/8  to  1/2  bale  enclosures  properly 
show  the  relationship  between  organic  loading  rates  and  ANC 
generation.  The  result  of  this  analysis  is  that  each  kilogram  of 
straw  produces  2  equivalents  of  ANC,  over  a  10-week  period. 

Experiment  6  showed  that  neutralization  is  not  permanent. 
The  enclosures  neutralized,  but  as  soon  as  H2S  disappeared,  they 
became  acid  again.  It  is  not  clear  whether  the  re-acidification 
was  a  result  of  the  leakage  of  lake  water  through  the  enclosure 
walls  or  whether  the  reinvasion  of  oxygen  into  the  enclosures 
reoxidized  dissolved  H-S  in  the  water  column  to  H.SO. .  The  former 
process  would  not  be  a  problem  in  an  open  lake,  but  the  latter 
certainly  would  be. 
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GENERAL  CONCLUSIONS 

The  Role  of  Iron  in  the  Neutralization  Process 

The  results  of  our  experiments  contrast  with  those  of  some 
other  investigators.  In  our  experiments,  neutralization  did 
occur,  but  was  transient.  The  pH  rose  and  acidity  declined  in 
organically-treated  enclosures  as  a  result  of  sulfide  production, 
but  when  the  enclosures  became  aerobic  again,  pH  declined  and 
acidity  rose.  These  results  stand  in  contrast  to  those  of  other 
investigators . 

Schindler  et  al.  (3^,  31)  found  that  the  sediment  of  acid 
precipitation-influenced  lakes  caused  permanent  neutralization  by 
a  combination  of  sulfate  reduction  and  FeS  precipitation. 
Likewise,  Herlihy  and  Mills  (15)  and  Herlihy  et  al.  (16)  found 
that  sulfate  reduction  effectively  removed  acidity  and  metals 
from  an  acid  mine  drainage-influenced  stream  that  entered  a 
reservoir.  Finally,  Davison  (8)  treated  an  acid  sand-pit  lake 
with  lime  and  organic  matter.  In  his  case,  neutralization  and 
removal  of  metal  contamination  lasted  two  years. 

The  major  functional  difference  between  the  results  of  the 
other  investigators  and  ours  is  the  decline  in  dissolved  iron 
seen  by  others.  In  the  case  of  Herlihy  and  Mills  (15)  there  were 
increases  in  "acid  volatile  sulfide"  (probably  mostly  FeS)  in  the 
lake  sediment.  Our  results  show  no  declines  in  iron  when  organic 
matter  is  added  to  pit  #8.  The  only  clear  declines  came  where 
lime  alone  was  added  to  the  enclosures. 

If  Anderson  and  Schiff  (2)  are  correct  that  p^^ianent 
neutralization  occurs  only  when  both  sulfate  and  Fe  are 
reduced  and  precipitated  as  FeS,  then  permanent  neutralization  of 
our  enclosures  is  unlikely  because  FeS  precipitation  did  not 
occur.  The  temporary  neutralization  that  occurred  in  our 
enclosures  seems  to  have  happened  because  of  the  presence  of  H^S 
—  a  good  buffer.  When  reoxygenation  of  the  water  columns 
occurred,  the  H  S  was  reoxidized,  releasing  mineral  acidity. 

A  reasonable  question  is,  "How  are  Pit  #8  and  our  treatments 
different  from  the  other  places  where  sulfate  reduction 
permanently  neutralized  lakes?"  Three  possible  hypotheses  can  be 
constructed  to  answer  this  question. 

The  first  hypothesis  is  that  Pit  #8  is  more  acid  than  the 
sites  the  other  investigators  used  and  that  this  prevents  sulfate 
reduction  and  FeS  precipitation.  The  Middle  Incline  of  Pit  #8  is 
essentially  a  pool  of  acid  mine  drainage  whereas  the  areas 
studied  by  Schindler  et  al.  (30)  and  Herlihy  and  Mills  (15)  were 
only  slightly  contaminated  by  acid  when  compared  with  Pit  #8. 
Davison's  (8)  location  was  more  like  Pit  #8,  but  he  also  added 
lime  with  the  organic  matter. 
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The  higher  acidity  of  Pit  #8  is,   however,   unlikely  to  be  a 
factor   in  preventing  FeS  precipitation  because  the  pH's  of  the 
straw  enclosures  rose  to  levels  where  significant  amounts  of  S 
would  be  available  for  FeS  precipitation. 

A  second  hypothesis  to  explain  the  transience  of 
neutralization  in  our  enclosures  is  that  the  enclosures  leaked. 
It  is  likely  that  there  was  some  interchange  of  water  between  the 
enclosures  and  the  open  lake.  When  the  ANC  curves  for  lime 
additions  are  examined  (Figs  3,  6,  13,  30),  it  is  apparent  that 
lime  additions  quickly  neutralized  the  enclosures,  but  that  ANC 
declined  over  time.  If  there  were  no  water  interchange,  the 
neutralization  would  have  been  permanent.  A  small  amount  of 
water  must  have  entered  the  enclosures  to  replace  water  taken  in 
sampling.  A  total  of  60  liters  was  taken  from  each  enclosure  over 
the  10  week  experiment  and  open  lake  water  entered  to  replace  it. 
Enclosure  volumes  varied  from  3,100  to  4,700  liters.  We  believe 
that  a  small  amount  of  water  also  entered  the  enclosures  through 
the  seal  between  the  polyethylene  and  the  lake  sediment. 

We  do  not  believe  that  leaks  in  the  enclosures  were  the 
primary  cause  for  the  rapid  acidification  of  the  enclosures, 
however.  If  leaks  had  been  significant,  sulfate  reduction  could 
not  have  occurred  because  the  constant  influx  of  oxygen-rich 
water.  It  is  evident  that  the  enclosures  were  sealed  enough  to 
permit  sul fate-reduction  to  occur.  In  addition,  the  presence  of 
leaks  does  not  explain  the  increases  in  iron  which  occurred  in 
the  lime/straw  and  straw  enclosures  during  experiment  5  (Figs.  49 
and  50) .  Levels  of  iron  in  these  enclosures  far  surpassed  the 
open  lake.  We  think  that  the  failure  to  remove  iron  from  the 
water  column  as  an  FeS  precipitate  was  the  cause  of  the 
reacidification  of  the  enclosures  rather  than  an  influx  of  acidic 
open  lake  water  through  leaks  in  the  enclosures. 

A  third  and  most  plausible  hypothesis  to  explain  the 
reacidification  of  our  enclosures  is  that  the  large  amounts  of 
straw  resulted  in  high  concentrations  of  dissolved  organic  matter 
in  the  water  columns.  In  natural  lakes,  decomposing  organic 
matter  produces  humic  acids  which  chelate  iron  (18) .  If  such 
chelators  exist  in  our  enclosures,  then  they  would  keep  iron  in 
solution  even  though  the  solubility  product  of  FeS  seems  to  be 
exceeded.  As  a  result,  sulfide  precipitation  and  permanent 
neutralization  are  blocked. 

Evidence  for  the  third  hypothesis  comes  from  Experiment  5. 
In  this  experiment,  iron  concentrations  actually  increased  with 
time  in  the  straw  enclosure  (Fig.  50)  suggesting  that  FeOOH 
reduction  and  dissolution  was  occurring  as  described  by  Anderson 
and  Schif f  (  2) .  Lime  treatment  removed  iron  from  the  water 
column.  Lime/ straw  treatments  were  less  effective  in  iron  removal 
than  lime  alone,  suggesting  that  the  postulated  chelating  agents 
released  by  the  straw  reduce  iron  precipitation  by  lime  as  well 
as  by  sulfide. 
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The  Fate  of  Reduced  Iron  and  Sulfur  in  an  Organically  Loaded 
Lake 

Our  experiments  clearly  show  that  sulfate  reduction  alone  is 
not  sufficient  to  ensure  the  permanent  neutralization  of  a 
surface  mine  lakes.  The  Fe  and  S~  produced  by  dissimilatory 
reduction  must  be  removed  from  the  water  column.  If  they  are  not 
removed,  they  remain  in  the  water  column  as  mineral  acidity  and 
will  be  reoxidized  later  to  produce  large  amounts  of  H  .  In  lakes 
where  sulfate  reduction  has  been  shown  to  cause  permanent 
neutralization  (30,31, 15, 16) ,  the  precipitation  of  FeS  was 
strong.  In  our  enclosures  neither  Fe  nor  S  was  removed  from 
the  water  in  any  significant  amount.  In  some  enclosures  like  the 
straw,  enclosure  of  experiment  5  (Fig.  50) ,  iron  was  actually 
mobilized  by  the  low  redox  potential.  The  solubility  product  of 
FeS  was  far  exceeded  in  that  enclosure. 

Our  results  show  that  in  any  system  for  removing  sulfuric 
acid  by  sulfate  reduction  care  must  be  taken  to  determine  the 
fate  of  the  Fe  and  S  that  are  produced.  They  must  be  removed 
from  the  water  column  if  permanent  neutralization  is  to  occur. 

The  Role  of  Organic  Matter  in  the  Natural  Recovery  of  Mine  Lakes 

Our  experiments  represent  a  test  of  King  et  al.'s  (22) 
suggestion  that  acidic  surface  mine  lakes  neutralize  over  time 
because  the  accumulation  of  decomposable  organic  matter  from  a 
revegetating  watershed  supports  increased  dissimilatory  sulfate 
reduction  in  the  deeper  layers  of  the  water  column.  Our  estimate 
that  one  kilogram  of  straw  produces  2  gram  equivalents  of  ANC 
allows  us  to  calculate  the  amount  of  added  organic  matter  that  is 
needed  for  the  neutralization  of  a  lake. 

2  ... 

If  a  hypothetical  lake  is  100  m  and  3  m  deep  with  an  acidity 

of  50  mg/1  CaCO  (1  meq/1)  then  7500  kg  of  straw  would  be  needed 
for  neutralization.  Although  this  is  a  large  amount  of  organic 
matter,  it  could  be  supplied  by  the  organic  litter  from  a 
watershed  of  reasonable  size.  Jordan  (21^)  presents  data  on  the 
production  of  organic  litter  in  various  ecosystems.  For 
temperate  zone  terrestrial  environments,  litter  production  is 
about  250  gm/m  /yr.  If  this  production  rate  applies  to  the 
watershed  surrounding  our  hypothetical  lake,  then  to  neutralize 
the  lake,  a  watershed  area  of  30  ha.  (74  acres)  would  be 
required. 

Thus,  it  is  possible  that  the  litter  production  from  a 
revegetated  surface-mined  landscape  would  be  adequate  to 
neutralize  a  small  lake.  Problems  will  occur  in  unrevegetated 
landscapes  where  litter  production  is  low  and  in  large,  very  acid 
lakes  where  large  amounts  of  ANC  are  required  for  neutralization. 
Neutralization  by  naturally-supplied  organic  matter  is  most 
likely  in  small,  weakly  acidic  lakes.  It  is  likely  that  the 
natural  neutralization  process  occurs  as  a  result  of  a 
combination   of  factors  which  include  the  accumulation   of 
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decomposing  organic  matter  in  the  lake.  Another  factor  in  lake 
neutralization  will  be  the  decline  in  acid  production  from  a 
watershed  where  pyrite  is  being  weathered  away. 

The  Use  of  Artificial  Organic  Matter  Additions  to  Encourage 
Neutralization 

Our  experiments  show  that  the  H-S  itself  is  the  source  of 
the  neutralization.  When  it  disappears,  pH  goes  down.  This 
result  is  not  unexpected  because  H-S  is  a  strong  buffer. 

A  problem  with  the  wheat  straw  we  added  is  that  it  is 
inefficient  in  removing  metals  from  the  water  colixmn.  Zinc  and 
aluminum  were  effectively  removed,  but  iron  and  manganese  were 
not.  This  result  is  a  paradox  because  we  would  expect  iron  to 
precipitate  as  a  sulfide.  It  may  be,  as  suggested  above,  organic 
substances  from  the  straw  act  as  chelators  to  hold  metals  in 
solution. 

Another  problem  with  neutralization  by  organic  addition  is 
its  short  duration.  Because  our  experiments  show  only  transitory 
neutralization,  it  is  likely  that  efficient  Fe  reduction  and 
precipitation  is  not  occurring.  We  see  no  decline  in  water 
column  Fe  so  there  is  probably  little  FeS  precipitation. 

An  alternative  to  FeS  precipitation  for  permanent  removal  of 
H  from  the  water  column  is  outgassing  of  H  S  (8) .  Apparently, 
this  process  was  not  vigorous  enough  in  our  enclosures  to  remove 
significant  amounts  of  acidity.  It  was  the  major  process 
neutralizing  King  et  al.  's  (22^)  microcosms.  Outgassing  of  H-S 
that  is  vigorous  enough  to  remove  significant  acidity  from  tne 
water  column  might  cause  other  environmental  problems  because  H  S ■ 
is  a  foul-smelling  poisonous  gas  that  discolors  painted  objects. 

Another  problem  with  the  neutralization  of  an  acid  mine  lake 
with  organic  matter  is  the  poor  quality  of  water  that  results. 
The  low  oxygen  and  high  sulfide  levels  are  very  toxic  to  most 
multicellular  organisms.  The  resulting  water  is  turbid  and 
smells  of  sulfide.  It  is  probably  inappropriate  to  treat  a  whole 
lake  with  organic  matter  in  a  way  similar  to  ours  because  of  the 
low  water  quality  that  results.  To  solve  this  problem,  the 
organic  matter  might  be  confined  to  deep  water  where  the 
degradation  of  water  quality  might  not  be  so  obvious. 

A  final  problem  with  the  technique  is  the  large  amount  of 
straw  required.  In  our  experiments  only  2  gram  equivalents  of 
ANC  were  produced  for  each  kilogram  of  straw  added  to  the 
enclosures.  In  contrast,  CaCO_  produces  20  gram  equivalents  of 
ANC  per  kilogram.  If  all  the  organic  matter  in  the  straw  were 
completely  oxidized  according  to  equation  c,  then  33  gram 
equivalents  of  ANC  would  be  produced  per  kilogram  of  straw.  It 
is  evident  that  the  full  potential  of  the  straw  for  supporting 
dissimilatory  sulfate  reduction  was  not  seen  in  our  experiments. 
We  noted  large  quantities  of  undecomposed  straw  remaining  at  the 
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end  of  each  experiment  so  it  is  likely  that  oxidation  of  the 
straw  was  incomplete.  Straw  may  not  be  the  material  of  choice  to 
support  sulfate  reduction.  A  more  labile  organic  substance  might 
be  used  instead. 

The  large  amounts  of  straw  required  for  neutralization  might 
not  be  a  problem  for  a  mine  operator  if  the  cost  of  the  straw  was 
less  than  the  cost  for  alternative  chemical  neutralizing 
materials.  Other  organic  materials  like  agricultural  or  sewage 
wastes  might  cost  less. 

RECOMMENDATIONS 

Although  there  are  problems  with  the  addition  of  straw 
directly  to  lakes  for  the  purpose  of  neutralization,  these 
problems  can  probably  be  solved  by  using  a  different  organic 
material  and  different  application  methods.  The  broader 
potential  of  organic  matter  as  a  medium  for  neutralization  is 
strong. 

The  first  modification  in  the  method  is  to  use  a  different 
source  of  organic  matter.  Although  straw  is  an  analogue  for 
natural  plant  material,  it  does  not  decompose  quickly  enough  to 
produce  the  large  amounts  of  ANC  needed  for  neutralization.  A 
more  decomposable  material  would  be  more  efficient.  The  organic 
matter  should  also  produce  few  organic  chelators  to  inhibit  the 
precipitation  of  FeS. 

Another  problem  with  straw  is  its  bouyancy.  It  tends  to 
begin  decomposition  in  the  water  column,  causing  water  qviality 
problems.  An  alternative  source  of  organic  matter  would  have  to 
sink.  Anaerobic  decomposition  is  more  likely  to  occur  at  the 
sediment/water  interface.  Here  is  where  dissimilatory  sulfate 
reduction  will  be  most  vigorous  and  the  organic  matter  will  be 
most  effectively  decomposed.  This  location  will  also  minimize 
the  degradation  of  open  lake  water  quality. 

Many  midwestern  surface  mine  lakes  are  highly  stratified 
with  very  anaerobic  deep  layers  (35) .  In  particular  lakes,  these 
layers  may  be  the  result  of  thermal  stratification  as  in  a 
natural  lake  or  they  may  result  from  chemical  stratification  as 
in  Pit  #8.  These  stratified  lakes  should  be  the  best  candidates 
of  all  for  organic  matter  neutralization  because  the  organic 
material  could  be  piped  as  a  slurry  directly  into  the  deep, 
anaerobic  layers  where  they  will  support  high  rates  of 
dissimilatory  sulfate  reduction.  The  long-term  stratification 
should  allow  the  reactions  that  Anderson  and  Schiff  (  2) 
describe.  The  long  period  of  stratification  should  allow  time 
for  FeS  deposition.  Our  enclosures  were  insufficiently  shielded 
from  reoxidation.  Because  reoxidation  is  less  likely  in  the  deep 
water  of  a  stratified  lake,  the  effects  of  sulfate  reduction  are 
more  likely  to  be  permanent. 

Adding  the  organic  matter  to  the  deep  water  of  the  lake  will 
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reduce  water  quality  problems  at  the  lake  surface.  The  deep 
water  should  build  up  ANC  throughout  the  period  of  summer 
stratification  and  this  high  pH  water  should  be  distributed 
through  the  water  column  in  fall  as  the  lake  destratifies. 

Our  experiments  and  those  of  Davison  (8)  suggest  that  lime 
additions  will  encourage  neutralization  by  organic  matter.  For 
neutralization  to  occur  it  may  be  necessary  to  add  small  amounts 
of  lime  to  the  stratified  layer  in  addition  to  the  organic 
material . 

In  conclusion,  organic  additions  to  surface  mine  lakes  show 
potential  for  neutralization,  but  modifications  in  application 
procedures  must  be  tested  before  the  techniques  can  be  routinely 
used. 
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